Remarks 

Further and favorable reconsideration is respectfully requested in view of the foregoing 
amendments and following remarks. 

Thus, the amendments set forth above serve to limit the claimed subject matter to a 
methanol-reforming method, i.e. the claims to the catalyst have been cancelled or amended to 
recite the method. 

More specifically, claim 2 has been amended to recite the method, and to depend from 
claim 21 which is directed to the method. Amended claim 2 thus corresponds to claim 20 
directed to the method; and claim 20 has therefore been cancelled. 

Claims 3 and 5 directed to the catalyst have been cancelled. 

Claim 6 has been amended to recite the method and to depend from claim 23 which is 
directed to the method. Amended claim 6 thus corresponds to claim 24 which is directed to the 
method; and claim 24 has therefore been cancelled. 

Claims 12-13, 15-16 and 18-19, all directed to the catalyst, have been cancelled. 

Claim 21 has been rewritten in independent form, by incorporating the subject matter of 
claim 3 from which it depended. 

Similarly, claim 23 has been rewritten in independent form by incorporating the subject 
matter of claim 5 from which it depended. 

Claim 26 has been amended to recite the method, and to depend on method claim 23. 

Applicants respectfully submit that the foregoing amendments should be entered, even 
though they are being presented after a final rejection. As indicated above, Applicants are no 
longer claiming the catalyst itself, but only a method of using the catalyst in a methanol- 
reforming reaction. The amendments also serve to render many of the rejections set forth by the 
Examiner moot. Furthermore, the Examiner has already considered the method claims, and 
therefore, entry of the amendments will not require any further consideration and/or search of the 
prior art. In view of these circumstances, Applicants take the position that the amendments 
should be entered. 

- The patentability of the presently claimed invention after entry of the foregoing 
amendments, over the disclosures of the references relied upon by the Examiner in rejecting the 
claims, will be apparent upon consideration of the following remarks. 



As indicated above, the amendments serve to render many of the prior art rejections 
moot. These are the rejection of claims 2-3 on page 2 of the Office Action, the rejection of 
claims 12-13 on page 3, the rejection of claims 15-16 on page 4, the rejection of claims 5-6, 12- 
13 and 26 on page 8 and the rejection of claims 18-19 on page 9 of the Office Action. 

The rejection of claims 20-21 under 35 U.S.C. § 103(a) as being unpatentable over Shaw 
et al. (US 701) in view of Takuya et al. (JP '402) as evidenced by Lessing (US '655) is 
respectfully traversed. 

Shaw et al. teach an intermetallic Ni 3 Al, but do not teach producing hydrogen. 

Takuya et al. teach a Ni-containing metal deposited on an Al-containing metallic member 
to form a catalyst on the surface for methanol steam reforming or methanol decomposition. 
However, this reference does not teach that Ni 3 Al can he used as a catalyst for methanol steam 
reforming or methanol decomposition. Actually, Takuya et al. disclose that the above-mentioned 
Ni-containing metal being deposited on the metallic member is an alloy of Ni and Cu or Ni and 
Zn (page 6, lines 13-16 in right column). There is no disclosure of a catalyst of Ni-Al alloy. 

Lessing shows "NiAl or Ni 3 Al which can catalyze steam reforming of hydrocarbons" in 
the Abstract. However, there is no example or evidence of such catalytic properties of NiAl and 
Ni 3 Al in this reference. 

The following comments will make reference to the attached Fig. 1 (Al-Ni phase 
diagram), as well as the following references, copies of which are submitted herewith: 

[1] J. Freei, W.J.M. Pieters, R.B. Anderson, Journal of Catalysis 16 (1970) 281-291 
(see the introduction part on p. 281). 

[2] S. Tanaka, N. Hirose, T. Tanaki, Y.H. Pgata, Journal of The Electrochemical 
Society 147 (2000) 2242-2245. 

[3] Ya Xu, S. Kameoka, K. Kishida, M. Demura, A.P. Tsai, T. Hirano, Catalytic 
properties of Ni 3 Al intermetallics for methanol decomposition, Materials Transactions 45 (2004) 
3177-3179. 

[4] Ya Xu, Satoshi Kameoka, Kyosuke Kishida, Masahiko Demura, An-pang Tsai, 
Toshiyuki Hirano, Intermetallics 13 (2005) 151-155. 

[5] D.H. Chun, Ya Xu, M. Demura, K. Kishida, M.H. Oh, T. Hirano, D.M. Wee, 
Spontaneous catalytic activation of Ni 3 Al thin foils in methanol decomposition, Journal of 
Catalysis 243 (2006) 99-107. 
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In a Ni-Al system there are four stable intermetallic compounds, NiAl 3 , NhAh, NiAl and 
Ni 3 Al (see the attached Fig. 1 Al-Ni phase diagram). Among them a mixture of NiAl 3 and 
Ni2Ab is used as a precursor alloy for catalysts (usually called Raney Ni catalysts). The 
commercial precursor alloy from which the Raney Ni catalysts are produced usually contains 
around 50 wt % Ni and 50 wt. % Al. The Raney Ni catalysts are produced from the precursor 
alloy by leaching Al in a NaOH solution. For NiAl and Ni 3 Al, it was common knowledge that 
a lower catalytic activity can be expected because it is difficult to effectively leach Al from 
NiAl and Ni 3 Al [Refs. 1-2]. For example, in Ref. 2, Tanaka et al. prepared Raney-Ni cathodes 
by leaching Al from various previous Ni-Al alloys (NiAl 3 , Ni 2 Al 35 NiAl and Ni 3 Al). They found 
that an active Raney-Ni electrode was obtained only from Al rich alloys (NiAl 3 and Ni2Al 3 ) 
because the dissolution of Al from these alloys proceeded in NaOH solution. 

In the present invention, Applicants for the first time examined the catalytic activity of 
single-phase Ni 3 Al for hydrogen production from methanol, and found that alkali-leached Ni 3 Al 
shows a high activity for methanol decomposition [Refs. 3-5]. 

In rejecting claims 20-21 , the Examiner takes the position that it would have been 
obvious to utilize the method of producing hydrogen of Takuya et al. with the compound of 
Shaw et al. in order to increase the reforming reaction rate for methanol and further, as Lessing 
teaches the Ni 3 Al intermetallic material being used as a catalyst for methane reformation, "it 
would have been obvious to one of ordinary skill in the art at the time of the invention to utilize a 
similar material for a similar purpose." However, in view of the foregoing comments concerning 
attached Fig. 1 and References 1-5, Applicants respectfully submit that the Examiner is mistaken 
in taking the position that it would have been obvious to utilize a similar material for a similar 
purpose. That is, concerning References 1-2, the art-skilled would have been led away from 
using Ni 3 Al in a methanol reforming reaction as in the present invention; and the art-skilled 
would certainly not have expected the high activity for Ni 3 Al in this reaction as shown by 
References 3-5. 

Thus, Applicants take the position that the references do not establish a presumption of 
obviousness, nor do the references suggest the high activity achieved by the present invention. 

The rejection of claim 9 under 35 U.S.C. § 103(a) as being unpatentable over Shaw et al., 
Takuya et al. and Lessing further in view of Fukui et al. (US '439) is respectfully traversed. 
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The comments set forth above concerning the Shaw et al., Takuya et al. and Lessing 
references are equally applicable to the rejection of claim 9, which is dependent on claim 21, 
which has been discussed above. Therefore, the rejection of claim 9 should be withdrawn for the 
same reason that the rejection of claim 21 should be withdrawn. 

The rejection of claims 23-24 under 35 U.S.C. § 103(a) as being unpatentable over Shaw 
et al. as modified by Lashmore et al. (US '431) as evidenced by Coll et al. (US '226) further in 
view of Takuya et al. is respectfully traversed. 

The comments set forth above concerning the Shaw et al. and Takuya et al. references are 
equally applicable to this rejection. The Examiner's position is that it would have been obvious 
to use the Ni 3 Al intermetallic compound of Shaw et al. (with the carbon nanofibers of Lashmore 
et al.) in the Takuya et al. method. However, as discussed above, and as supported by 
References 1-5 submitted herewith, the art-skilled would have been led away from using the 
intermetallic Ni 3 Al compound of Shaw et al. in the method of Takuya et al. because of its poor 
catalytic activity, nor would the art-skilled have expected the superior results achieved in 
accordance with the present invention, particularly as shown by References 3-5. 

The rejection of claim 27 under 35 U.S.C. § 103(a) as being unpatentable over Shaw et 
al., Lashmore et al., Coll et al. and further in view of Fukui et al. is respectfully traversed. 

Claim 27 is dependent on claim 23, which has been discussed above. Applicants take the 
position that claim 27 is patentable for the same reasons that claim 23 is patentable. 

For these reasons, Applicants respectfully submit that the presently claimed invention is 
clearly patentable over the applied references. 
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Therefore, in view of the foregoing amendments and remarks, it is submitted that each of 
the grounds of rejection set forth by the Examiner has been overcome, and that the application is 
in condition for allowance. Such allowance is solicited. 



MRD/pth 

Washington, D.C. 20005-1503 
Telephone (202) 721-8200 
Facsimile (202) 721-8250 
February 5, 2010 



Respectfully submitted, 
Ya XU et al. 




;hael K. Davis 
Registration No. 25,134 
Attorney for Applicants 



8 



EXHIBIT 

Weight Percent Nickel 




Al Atomic Percent Nickel Ni 



Fig. 1 AUNi phase diagram 
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The Structure of Rcmey Nickel 
II. Electron Microprobe Studies 
J. FREEL, W. J. M. PIETE11S. a*p R. b. ANDERSON 
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The ncUvatfon of Wy mcVel alloys cot*ainin* « and 30 wt % Ki by nmctfon 
with aqtooui sodium hydroxide w«a *tudl«i by mcUIlogmphia mcahode b*£ 

k ' . . y<3 * u * M nhftW * : N|A1 «ot found in fch«*c n|joys Ft nv 

porUona onginaUnf from 0 and y nIJoy« can be rerouted d» (ho basis oS slmc- 
urn chnraetemUrK. The utfraud muriate ccutua what * PT «*r* lo^Xi£o 
,w J, f" 5 ra T l " 1 ? ri m0ro fn *itilyat derive from /J- ralhcr 

• thati y^K,^. In modamWr «on«nnti»ted squaw idknlf, the cutA.U* rmd % ph** 

2v * ^| Y |? h< f', ^ « ^ taurine of M-BQ L* 

sclcct y* and the cafifcn contained substantial wmmui of alumina. Oiir dm* indi- 

„lf ^LTi Qf ' n , odflHllCk . /,fmirae> ' Cfln bc on 
Haney nickel by the rinctron probe nucroanalyaer. 



iNTttOOC/CTIOK 

In the preparation tf) of Raney nickel, 
a large part of the aluminum is converted 
to sodium aluminaco, most of which is re- 
moved in subsequent water washing. The 
starting Raney alloys normally coirt^in 40 
to 50 wt % nickel. Alloys of higher nickel 
content usually contain significant amounts 
of the compound NiAJ, which docs not 
react with alkali (2), while alloys contain- 
ing less nickel yield correspondingly loss 
catalyst. Alloys in the composition range 
oi 40-50 wt % nickel arc not homogcnoouB, 
wit may contain several phases ($). The 
structure of the initial alloys and their 
activity toward alkah is therefore an 
interesting feature of the Ranoy catalyst. 

Various authors have investigated as- 
pocte of this problem. Littman awl Bliss 
U) described optical micrographs of com- 
mercially extracted oatnlyst in which two 
wstinet areas could he observed and sug- 
gested (bat these might he related to the 



phases prevent in the original alloy. Mason 
(5\ demonstrated thus retention or the 
alloy appearance more clearly. The effect 
of alloy structure on catalytic activity of 
tl™ extracted catalyst has also been ex- 
amined (S, 6). However, several anomalies 
still remain; for example, different authors 
havo reported that NiAfe ia (S) and is not 
(6) inorc reactive toward alkali than 
Ni,A| a . 

In tlie present study, wo used Uie tcch^* 
niquos of optical metallography to oxarojnc 
tho microstmcturc of commercial Raney 
alloy* and their reaction with sodium hy- 
droxide to form Raney nickel. The inter- 
pretation of optical appearance was greatly 
facilitated by the use of an electron probe 
microanalyasor. Apparently analytical data 
of moderate accuracy can he obtained for 
the porous catalysis. 

fixpwu m kxt^ )i M UTKons 

Two large hatches of commercial Raney 
alloy, nominally of 42 and 50 wt % nickel 
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composition (Alloys A and B of Part I (7) ] 
Avon) Ufccd LhroUghoilL 

Standard metrtHograpliic procedures were 
used in mounting and polisJiine specimens, 
ttancy alloys were mounted in bnkclitc. 
Fully and partly extracted catalysts were 
pyrophoric, and were stored in othanol ix> 
prevent oxidation. These samples were 
placed in glass moulds together wiLh 
ethanol. A liquid, cold-mounting resin was 
added when most of the ethanol had evap- 
orated. Polishing appeared to inhibit at- 
mospheric oxidation substantially. The pre- 
pared surface was stable for several hours 
in terms of Optical appearance, aftur which 
discoloration and aurfaoe pitting could bo 
observed. Sampler Allowed to oxidixo vigor- 
ously in air prior to mounting bad a uai- 
lam. strongly reflating surface devoid of 
the optical features of the normal catalyst. 

An "Acton" electron probe mieroana- 
iyaor (fixed angle of takeoff = JS°) was 
used at a beam voltage of 25 kV r and speci- 
men current 50 nA unless otherwise stated. 
XJuarU and mica dilTraction crystals were 
used to obtain the nickel nnd aluminum 
lines, respectively. 

Good conduction of electrons away from 
the probe impact area is essential to avoid 
overheating or "hot spot" formation. »Spcri- 
mens wore found to be sufficiently conduct- 
ing aft-er vacuum deposition of a layer of 
carbon about 1000 A thick. 

Samples of several nicknl~aluminum in- 
tcnnotallic compounds, kindly furnished by 
Professor G. R. Purdy of thi* University, 
wore used ih propftrinR calibration curves 
for nickel anrl aluminum, as givan in Pig. 1. 
The standard alloys were prepared by 
.repeated noneonsumablo- electrode arc 
melting in nrgon. The samples were 
weighed before and after melting and the 
alloys were checked metal lographicnily for 
homogeneity. 

/. The Structure of Commercial 
Raney Alloys 

Possible phases for nickel-aluminum 
alloys containing 4<W0 wt % nickel, taken 
from the phase diagram of Alexander and 
.Yaughnn. (8), are given in Table 1. These 



CONT<WNiaa 40-60 wr % Nickki, 



Phase 



Nir:l<cl ccnifani 
.Hymlxjl (wt %> 



tSoNd *f>hiiimvs «r Ni n 0.05 or \m 
in MO) 

1 -f NiAli Kitferlir. ^ 

NiAU 0 ta 

NitAli y 5ft_6o 

phases have been designated in different 
ways, and wo have used the symbols in 
Table l t to remain consistent with Ac 
work of Mason (6), which is most pcrti- 
ncnt to the present aUidy/ JSuteotio, NiAl* 
«nd Ni-^Alj may be clearly distinguished 
m sun unntchori, pol»hcd surface of stick 
alloys (see Fig. 3A). JStohante ai-c rc> 
quired (S) to reveal the compound. NiA), 
but none was detected in the present study 
either by otcliants or by electron probe, 
microanalysis of y-phaaq grains. 

The -43 aud 50 wt % nickel alloys, re- 
ceived as irregular chips about % cm* in 
volume, were crushed mechanically and 
screened in V. S. Standard sieves. For both 
alloys, six mounts, each containing some 
thirty 30-50 mesh pieces, were examined 
optically. Volume concentration* of r -, 
and eutcctic phases in the two alloys, cal- 
culated by standard metallogrnphic meth- 
ods fff), are given in Table 2. For each of 
the alloys the amounts of tho phases varied 
moderately. Piece* of 80/50 alloy, for ex- 
ample, contained from 54 to G& vol % r , 
those of 42/58 from 25 to 50fo. However, 
all pieces of the former examined contained 
little eutectic, all of the latter, substantial 
amounts. The aluminum-rich alloy (42/58) 
contained significantly less y-phasc than 
tho (50/50) alloy. 

TAWUG 2 

PuAfin Analysis or TUtffcv Nrcx«>< Am^vk 



Sample 


J 


0 


TSufcclic 


alloy 


(av vol %3 


(ftV vol %) 


(av vol %) 


A 50/50 


68 


40 


-2 


R *S/5ft 


SO 


45 


25 



2m 



CAllBRATIOf* 



F OW BINARY 



NICKBl-AU/HlNUN 



SCRI6S 



TH6TA 




WNGHT % N > CKfL 



Fig. \, Tdflctmn probe calibration for ni<*ci-iiJuroinum ayaiem rU 25 kV. 



Topical micrographs of 30-60 wesh 
pieces of the alloys are given in Figure 3B 
and C> As reported previously (6) % y-pha*e 
grains in 50/50 alby were significantly 
larger than those in 42/58. The smaller 
grains of Ni 2 Al 3 in the 42/56 aJloy often 
allowed typical dendritic structure. 

The composition of these phasea was con- 
by olootron probe microanalysis. 



The flJumindxn-rich/nielceJ-dcficicnt nature 
of the cutcctic precipitate 5s illustrated in 
the probe scane shown in Fig. 4. Figure 4A 
is an oseillo8cope display of the specimen 
current from a region containing and 
cutcctic only, the eutectic appearing as 
bright areas, and Figure 4B and C are 
record* of the aluminum and nickel K* x 
yjcldu, respectively. 




^ *' 

2- fehnnaiit reprttaniafion of X^ulinltan in (be ama solid 



in mirrupwoiis nnd iKiiijxmm* form. 
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KfO. CA and 0) nro opliqal mirrngniphK f>r the 42 w( % nickel alloy B f roniM,ii« e ^ an j ^ 6 „ie«|i- 
IHWW; A micro^pn of (he 50 »vf % nkVcl Mhiy A, ^n(nujin E only dnrk cnloi-cd y-phiiHe grilil* in a mnirix 
nf Ulft limbic? rwlnrcil ih Kivcn in fB), 



£. The Reaction of Raney Alloys 

with Sodium Hydroxide 

Tho reactivity of the polished alloy tmr- 
faoo to sodium hydroxide has been studied 
{5), The order of reactivity found was: 

ciiiecite > NiAU > NitAJ*. 
We have repeated such experiments, 
etching 42/58 alloy with 20% aqueous 
NaOH at room temperature, eincc this 
material contains all three constituent 
phases. Under these conditions euteefcic and 
/J-phnse react rapidly, while y-phase ap- 
parently did not begin to react for 25 min 
at which time brown discoloration could 



ho observed. The y-phas<j was therefore 
much tho least reactive and the removal 
of cutcctic (95 wfc % Al) to leave voids 
was rapid. Wo could not, however, dis- 
tinguish between the rates of reaction of 
P pho$e and cutcctic. For example, im- 
mersion for 1 min darkens 0-phme $uf. 
ficiently to reverse the contrast between 
p and y, at which time? the eutcctic precipi- 
tate is apparently unreocted. After £ min, 
many areas of /S-phase begin to show sur- 
face pitting, again at a time when reaction 
of eutcctic is small. Prolonged etching (15 
min) , not yet sufficient to cause reaction of 
y, results in the appearance of microcracks 
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ariD. lu-min ro*fttinn of 3(M0 m<wh dllny A. * givnn m (C); ih* whiir ^ wnrc unratified ^am, 



in the 0-phase, concurrent with Iho forma- 
tion of void* formerly occupied by oufcectic- 
A similar broken fibructui'c of reacted 
phase b shown in the micrographs of 
Mason We believe these microorocke 
were too irregular to be associated with 
cubgrain structure and surest that they 
ftrc in fact shrinkage voids due to the 
volume contraction accompanying alumi- 
num removal. In support of this conclusion, 
it may be noted that similar cracks were 
olwrvcd in reacted y but were more prev- 
nkmt in reacted 0-phaac which would be 
expected to undergo larger volume changes. 
The possibility that such phenomena arc 
flur lo thv etching of cold-working fault* 



induced during polishing is considered un- 
likely, since similar features are encoun- 
tered at appreciable depth, in sectioned 
samples (see Tig. 5B) and in micrographs 
of the completely extracted catalyst (Fig, 
6A and B) . 

The depth to which reaction of 0-phasc 
penetrates before attack occurs on y-phase 
was then investigated by examining a 
polished section perpendicular to the orig- 
inal direction of caustic attack. The 50/60 
alloy was used because of its low concen- 
tration of cu too bio and larger y grains, 
Polisbod alloy surfaces were, reacted for 
various times fa 20% NaOH at 50°C, 
washed .in water and clbanol, capped with 




Wiwd in C m 20% twrnw NkOn m A>»wn |» (A ,u)«l IJj, mpeellvely. In (A), naml**! origin*.^ from 
iho ,>rmer V |>lm»a K m.n=« m. Iigliier m i*,W 1 1 1,0, Umi frw,, tf-phMs. while iho reverse i* ir,.« in (B) 'Die 
™» » while nmw ,„ (A) w miwnod I 7 -plw.«c. The xlruclure ri.own in (0) in lypient nC U,ai found for 
,h ° r , 0Tmt " h " ,LN :'P'< i ^«^' «•««'»'» nnurn,*,, thealhv pl,^ i« observed; junly 
fWf l«| alloy piercfi i-onmln an unmarierl rare at nil plia** surroiindoil by cxiraclori rtCnJjx. 



28(5 



FKEEt,, PIETEUS, AND ANDERSON 



mounting resin, sectioned perpendicular to 
the original surface plane, and the newly 
cut face was polished. In contrast to the 
Ughtly etched samples discussed Above, 
penetration of several microns was required 
in order to examine the reaction interface, 
and the surface was pyrophoric. The re- 
acted surface was therefore "cupped" with 
cold mount just prior to complete solvent 
evaporation and the required cross-section 
obtained on a coarse silicon carbide 
paper under water. Normal polishing pro- 
cedures could then be followed. 

Reacted and un reacted alloy could be 
distinguished, and the reaction of {$ pro- 
ceeded to an average depth of some 60 >x 
before y-phaso began to react. Preferential 
reaction was slill evident after much longer 
periods of reaction, the "product scale" 
containing unrcacted y-phasc (folate . 
A higher magnification view of some of 
these partly reacted y grains is given in 
Fig. 5B. The presence of an unreaoted core 
surrounded by extracted catalyst may be 
seen in such grains. 

Electron probe studies of these samples 
confirmed the conclusions based on optical 
appearance. For example, the bright, ap- 
parently um-cftctad regions in the product 
scale gave identical nickel and aluminum 
counting rates to those obtained from 
y-phase.. The darker, reacted region* gave 
data quantitatively similar to those, ob- 
tained with completely extracted catalyst. 
It may also bo noted, that to the scale of 
probe resolution, no variation m aluminum 
concentration could be observed on ap- 
proaching the reaction interface from either 
the reacted (Kaney nickel) or unreaoted 
{p or y alloy) sides- 
It must bo emphasised thai a degree of 
subjective judgmont is required in reach- 
ing these conclusions. The impact area of 
tile electron beam is observed optically 
and the nature of the volume analyzed is 
Assigned in this <way. However, fcJic clement 
of volume analyzed is not always of the 
same structure as the area of surfaoe thus 
viewed. Occasional contradictory data, sta~ 
fcietienlly outweighed by "normal" read- 
ings, wore therefore ascribed to regions 
where a different phase or a hole just 



beneath the surface had contributed to the 
analysis hut was not visible optically. 

Frequently, this assumption could be 
supported by other data. Holes, for ex- 
ample, could often he detected by probe 
scanning and oscilloscope display, giving 
■ lowered intensity in both nickel and alu- 
minum Ktr A relative to surrounding areas. 
Subsurface structures different from the 
visible probe impact area (ag< f a v-phose 
grain perhaps 0.25, a below an area identi- 
fied optically as reacted p phase), are- more 
difficult to prove, but may show up in clis- 
playing the specimen current variations 
from the region. 

Assuming 30~50-mcsb alloy piccos to be 
spheres of similar dimensions to the open- 
ings in a 30-mesh .sieve (radius 0.03 cm) 
and that the reaction of such spheres with 
sodium hydroxide may be related to the 
planar etching reaction described above, 
the degree to which 0-phase may react 
preferentially m a standard retraction 
process can bo estimated. Such calculations 
suggest that all accessible j0-phaso in the' 
powdered alloy will be converted to Rancy 
nickel in about 10 min .(compared to about 
100 min for complete reaction), and that 
y-^hase will be little reacted in this period. 
To test this postulate 6 g of 30-50 roesh, 
CO/50 alloy were added to 200 ml of 20% 
NaOH at 50°O. The reaction was carried 
out in a well stirred glass reactor (7) and 
hydrogen evolution was measured by a 
wet-test meter. After 10 min extraction, 
polished samples 0 f the partly reacted 
solid had a structure typified by that 
shown in Pig. 6C. Electron probe analysis 
sli owed that the bright areas were un- 
reaoted y-phasn, the darker, reacted regions; 
apparently Rancy nickel. After 9<Mnin 
reaction, most pieces contained no un- 
reacted alloy. An occasional larger piece 
did contain a little unrcacted y-phase and 
micrograph 6A shows one such piece, in 
which the three small white areas were 
identified as Ni 5 Al„ The contrast between 
other areas m this micrograph ie between 
reacted y and reacted p t the former being 
somewhat lighter in color. This assignment 
was demonstrated more clearly by alumi- 
num extraction from pieces of 42/58 ingot 



HANSV WCICS!.. Ji. 



287 



in which the y-phase had a markedly 
dendritir appearance. This "memory" of 
tU grain etructuro of the original alloy was 
stable thermally, 24-hr evacuation at 
4aO°C producing no visible change. The 
catalyst particles have low mechanical 
strength, however, slight stress being auf- 
nrionl to grind the material. 

The hydrogen evolved in a JO-min ex- 
traction corresponded to About 50% of 
complete reaction assuming the stoiohia- 
mctrir reaction: 

2AI + ANftOH + 2H t O - 2.\*aAIO, + 311*. (I) 

Tlio rate of reaction, deocleratory through- 
out, decreased markedly after 10 min. The 
hydrogen evolved after 90 min was 90% 
or that required by Eg. (1), These values 
are consistent with the motallographic data-, 
Littman and Bliss (4) observed two dis- 
tinct areas in optical micrographs of acti- 
vated commercial Ranoy nickel, and sug~ 
gostud that .the different areas may have 
bceo derived from different nickel-alumi- 
num alloys. In their published micrographs 
M). areas derived fi-om the 0*> and 
y-phases can be identified; however, the 
contrast is the reverse of that shown in 
Figure 6A for a catalyst activated at GO'C. 
Wc have observed the same reversal of 
contrast for catalysts prepared under more 
severe, conditions, e.g., JRaney nickel pre- 
pared by reaction in boiling 20% alkali 
for 2 hr fcf. catalyst IIIA. in Part I mi 
* «hown in Fig. 6B. 
• Mason [$) found equal reactivities for 
Iho y- and /0-phasea of Honey alloys to 
aqueous alkali; both mctallographic and 
X-ray diffraction studios showed un reacted 
y and 0 alloys coexistent in catalyst par- 
tides. Howovcf, these catalysts prepaid 
at tha Institute for Gas Technology fIGT) 
ware activated with substantially less than 
wic stoichiometric amount of NaOH re- 
quired for Eq. H). Wc have prepared 
*Ala)yste f>y a similar mcUiod [Type IV 
catalyst*- of Part T (f)] m In one such prep- 
aration, 30 ml of 20% NaOH (about % of 
the requirements of Eq. (1 1 ] were added to 
40 g of 50-100 mesh, 50//i0 alloy in 300 ml 
cf distilled water at 80°C. An initially rapid 
reaction soon subsided and was followed by 



n abort induction period, after which rapid 
hydrogen evolution recommenced. Reaction 
was stopped when the evolved hydrogen cor- 
responded to 80% of that predicted for 
complete aluminum oxidation. The solid 
was washed (o neutrality in distilled water, 
large flocks of alumina being evident in 
the decanted layer*. A typical micrograph 
of this materia! is given in Pig. 6C. Keaotcd 
and unreactcd alloy may be clearly dis- 
tinguished and both y and fi alloys are 
present in the unrcacted core of the particle 
as demonstrated by Mason Contract 
between reacted y and fi t reported by 
Mason, is again observed, and it may be 
noted that such contrast is much more 
clonWy defined in this typo of preparation. 

QuantUatxo* Electron Probe Microanahjm 
Electron probe microanalysis was used 
to examine two problems definod bv the 
proceeding optical studies; (i) Did the 
retention of grain sti-ucturo between alloy 
and catalyst and the optical contrast be- 
tween catalyst derived from NiAJ a and 
from NiyAI (1 correspond to a difference in 
chemical composition? (ii) To the spatial 
resolution of microprobc analysis, \)crh^p& 
I under favorable circumstances, were 
areas of similar optical appearance also 
areas of the same chemical composition? 

Experimental data were obtained largely 
at 2$ kV beam voltage 50 nA specimen cur- 
rent. Since operating voltage is normally 
chosen to he about throe times the critical 
excitation voltage for tho element and 
X-ray line desired, tJio operating voltage 
wa6 optimized for nickel analyses for the 
most part. For materials of low aluminum 
content, aluminum K« x intensities were 
very small under these conditions (Fig. I) 
and .aluminum analyses consequently of 
lower aocuracy. Additional data were ob- 
tained at 11. a kV, 20 nA for such catalysts. 
Aluminum K«, intensities were then ap- 
preciably larger relative to pure aluminum 
and more accurate calibrations could be 
obtained at low aluminum concentration. 

Standard counting techniques were used 
to examine several catalyst preparations in 
detail. Six particles of each preparation 
were studied and about 30 point count* 
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TABU* 3 

MicHoi'itonw Asmara itor * Vaukty of Rakkv CaTalyk-j* 



CaUvly*! vypD 



HCgUWlH 

anHlysbd 



1. Prepared aL 50'C y-denved 

[types rA, HA, nml TIB of Kef. (7) J p-dorived 

X l>a*tt from intaffncc of olohed -/-derived 

(60/50) ulloy of secUnntd type 0-dormd 

3, Prepared at L07 g C y-dflrived 
(lypa lllA of Rcf. (7J) ^dBrivnd 

4. IOT Type from SO/50 alloy y-darivod 
f<ype IV ofllflf. (7}| /l-dcrived 
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word taken from different regions of .each 
particle. For each point count, sufficient 
data were obtained to ensure reasonable 
statistical Accuracy. Nickel and aluminum 
X-ray intonsiLies were first expressed as a 
fraction of the intensities for pure nickel 
and aluminum and then corrected using 
the calibration curve of Fig, l r or the 
corresponding calibration at H.fi kV. All 
results for any particular catalyst were 
then averaged over the region analyzed, 
i.e., area that had originated from y or ft 
alloy. Data or this type, together with the 
relevant nickel and total aluminum anal- 
yses obtained by chemical methods arc 
given in Tabic 3. Details of the results 
obtained may be aumnwiaed thus: 

(\) For any given catalyst of types I, 
II, and III (7), nickel intensities were rela- 
tively constant (±5%) from one point to 
Another in cither the regions derived from 
ft alloy or those derived from y alloy. 
Similar data for different catalysts pre- 
pared in the same way was only slightly 
less reproducible (mean deviation ±1%), 
and all catalysis of types I and II gave 
equivalent results within these limits. Data 
were less reproducible (d:15%) for the 
type IV (IOT) catalyst and only in this 
case was significant variation in nickel 
content between the y- and ^-derived 
regions noted, 

(ii) In general, aluminum analyses 



showed greater variation (mean deviation 
±20%) in optically similar regions. For all 
except the type IV catalyst, however, the 
averages of such values from one particle 
to the next was always relatively repro- 
ducible (=fc5%) and marked variation in 
the aluminum content of the two catalyst 
regions was always observed {Table III). 
Averaged values for the type IV oatalyst 
were also reproducible to dt5%, but no 
systematic variation between aluminum 
analyses for 0- and y-derived regions of 
the catalyst was observed. 

To the 3cale pf probe resolution, there- 
fore, the chemical composition of types I, 
II. and III catalysts appears to be homo- 
geneous in optically similar regions- How- 
over, those regions of catalyst formed from 
the Ni*AU grains of the original alloy 
contain approximately twice as much alu- 
minum and/or alumina as regions formed 
from NiAl a , This is not observed in the 
type IV catalysU However, the large quan- 
tities of alumina trihydrate present hi this 
catalyst, apparently unevenly distributed, 
may mask a similar difference in tho 
amount of aluminum yet unreaotcd. Both 
nickel and aluminum analyses were in 
acceptable agreement with the chemical 
data, even in the case of the type IV cata- 
lyst, estimated (7) to contain about 42 wt 
%0AUO,-3H S O. 
The present data therefore suggest that 
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standard electron probe techniques yield 
analyse? of moderate accuracy when ap- 
plied to micvoporou.s materials. Tins result 
may best bo understood by considering tho 
characteristic X-rndintion obtained from 
any nonporom solid and from the same 
solid in microporous form such that pore 
sist* is very small compared to probe reso- 
lution. In neither case will the whole of the 
incident electron flu* generate X-rays. A 
•certain fraction, determined largely by 
atomic number and surface topography, 
will be back-scattered with little loss of 
energy, but this quantity would not bo 0.x- 
pcetod to vary significantly between the 
porous and nonporous case. For the non- 
porous solid, the volume in which eharac- 
(eristic X-radi&tion is generated may be 
presented by tho shaded area of Fig. 2. 
Schematically, an electron may be consid- 
ered to penetrate to a depth SA and emerg- 
ing X-ray quanta must pass through a 
OttLance AB in the solid en route to the 
spectrometer. For the microporous element, 
the volume analyzed (broken line) will be 
larger, the same electron may penetrate to 
a depth SA' and the emerging X-ray 
quanta must pass through a distance A'B' 
in the specimen. 

However, to a ftrst approximation, the 
volume analysed will contain the same 
mass in either case. Thus an electron mov- 
ing between S and A will encounter the 
*Awe Weight of solid as that moving along 
frA' and will generate tho same amount of 
X-radiaUon. Further, since all distances 
within the specimen are small relative to 
the distance between specimen and spec- 
trometer, AB and A'B' will he approxU 
"lately parallel and emergent X-ray 
quanta will also encounter equivalent mass 
and undergo similar absorption processes. 
These relationships are shown by equations 
for electron penetration and X-ray emis- 
sion and for X-ray absorption, which are 
functions only of mass-distance (•/*). 

Clearly, these arguments would not bo 
trae for a material containing pores of a 
sue similar to probe resolution. It may be 
noted, however, that mean pore diameters 
for the nickel catalysts used in the present 
work were about 30-60 A (7). 
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Samples of commercial 42 and 50 wt % 
njckol alloys were found to contain the 
same throe phases; Ni s Ai», NiAl J( and a 
eutcctic .precipitate MAJ was not detcctod 
in this batch of 50/30 alloy, although it 
has been observer! (g\ in other alloys of 
this composition. The 50/50 alloy con- 
tained a little more Ni a Al a and rotatan- 
tiftUy less cutectic phase than the 42/58 
material. 

One cannot assume similar structural 
differences between all 42/58 and 50/50 
alloys. It is clear from the phase diagram 
(S) that the method of cooling will greatly 
influence the microstructurc However, it 
seems reasonable to conclude that the dif- 
ferences observed would he predicted from 
the phase diagram for quenched alloys* and 
might be anticipated on a more genera) 
basis for alloys prepared by rapid cooling 
of a well-mixed melt. 

The fundamental difference in micro- 
structure of the two alloys studied was the 
appearance of much of the additional 
aluminum content of the 42/58 material as 
cutectic precipitate. This cutectic phase, for 
which an average nickel content of about 
6 wfc % has been confirmed, must not be 
expected to contribute significantly to the 
final nickel catalyst. Thus, during reaction 
with sodium hydroxide, regions of cutectic 
precipitate were largely dissolved to leave 
voids in tho alloy particles. In contrast, the 
residue after aluminum removal from both 
NiAJs and NWAU retained much of the ap- 
pearance of the starting alloy since optical 
contrast between distinctive areas of the 
polished catalyst could be related to the 
original NiAla/N^A!* grain structure Elec- 
tron microprobe analyses further showed 
that Raney catalyst originating from 
N\ 3 Als contained about twice as much 
aluminum and/or alumina as that originat- 
ing from NiAU, This was true of catalysts 
prepared at 50°C (Fig. 6A) and also of 
those prepared in boiling alkali (Fig. 6Bl 
when the previous optical contrast between 
7-derived and /Ndcrivcd catalyst was re- 
versed and the overall aluminum content 
was lower due to the more severe reaction 
conditions, 
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Optica] examination of cross-sections of 
Clio reaction interface suggest that the re- 
moval of aluminum from both NiAlj and 
NUAlj is nn "advancing interface" type 
proocss and not a reaction proceeding via 
intermediate oowpounds or the progressive 
removal of aluminum over the whole par- 
ticle. Electron probe microanalysis shows 
the absence of gradients of aluminum con- 
centration el the reaction interface and 
equivalent aluminum concentrations in thu 
reacted aonc of partly extracted alloy to 
those in the final catalyst. The data of 
Savsoulos and Trnmbovwii tt), who found 
th tit KijAlji and nickel were the only crys- 
talline phases detectable in partially ex- 
tracted KisAla, is consistent with such a 
process. 

Saseoulas and Tramljouto (&) also report 
that pure NiA| a reacts more readily with 
aqueous sodium hydroxide than pure 
NinAl-,, Tide is found to bo equally true of 
these phases in the present multicomponenb 
alloys. Thus, when reaction was carried out 
in an excee* of concentrated alkali hi the 
normal way, markedly preferential reac- 
tion of NiAI 5 was observed (Fjg. 0). Liter- 
ature data involving partly extracted cata- 
lyst must therefore be Interpreted with 
earo; for example, the hydrogen evolved 
may not be a good measure of the fraction 
of tile nickel that has been activated. 
, The nonselective reaction, reported by 
Mason (5) and thought to signify a differ- 
ence in behavior between the pure phases 
and the multiphase alloy, has been ahowr> 
to result from a different method of cata- 
lyat preparation in which the amount of 
sodium hydroxide does not satisfy the 
stoichiometric requirement* of Eq. (J). 
Dirkaqn and Linden (D) suggested two pos- 
sible contributory reactions in addition to 
Ed. (I); 

2AI + AIM ^ AliOs^HtO + UH* (2) 

2NaAlO, + 4H,0 -+ Alia-SHjO + iN.iOH. (3) 

Equation 0) appears to offer an adequate 
description of the standard activation 
process. The hydrolysis of eodinm alumi- 
jjate fEq. (31] during subsequent water 
.washing may well yield much of the 



jS Al/V3H a O known (10) to exist in the 
final catalyst. The IGT activation process 
mny well involve a combination of (1) and 
[3), the necessary alkali ions being con- 
tinually regenerated by the hydrolysis re- 
action to yield the high alumina content of 
the$e catalysts reported by Dirkeen and 
Linden (9) and confirmed in the present 
study. The IGT and the normal activation 
processes lead to similar products with 
small nickel crystallites ($), comparable 
porosity (7) and catalytic activity (i/). 
Apparently, the low alkali concentration in 
the former method is reflected only in the 
largo amounts of hydrated alumina present. 
The equivalent rates of reaction of HiAh 
and NijAl- in the IGT activation in pre- 
sumably caused by a change in rate- 
determining step between Lhe two extrac- 
tion methods. 
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Raney-Ni cathodes were prqjared by lendirag aluminum from Ni'Al precursor alloys (NiAl v NhA1 3 , NiAl, and NuAl). Tho cat- 
alytic activity for the hydrogen evolution reaction was investigated in ) M NaOH at 503 K. The hydrogen avapottmtiais of Raney- 
Ni electrodes obtained from NiAlj and Ni^AI, were lower than those from niefcel rich alloys (NiAl and Ni 3 Al). Espcdalry. NiAl, 
yielded the mosi active Raney-Ni cathode. This is because the fa* aluminum leaching from NJAlj phase gives large surface orcn 
of the electrode, the formation of small micropores* and the appearance of ihe Ni phase 
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H2 is one of the most promising energy carriers and storage 
media. Although H production by water electrolysis is a well-estab- 
lished technology, its cost is still Loo high in contra* to the H 
obtained from hydrocarbon sources. There is no doubt that the elec- 
tricity expense is the largest factor for electrolytic production of H, 
and varies with the cell potential. Groat efforts have been made 
toward reduction through developing adequate hardware designs and 
through surveying optimum operation conditions for electrolysis. Of 
these, development of low H ovcrvollage cathode is one of the key 
factors. Many attempts have been made to develop efficient and dur- 
able electrode materials fox H evolution reactions in alkaline solution. 
The Raney-Ni is one of the best electrodes since it is inexpensive, 
highly active, and without a noble metal. w * The Raney-Ni catalysts 
are obtained by leaching Al out of precursor Ni*Al alloys in concen- 
trated NaOH solution. This leaching procedure provides a high sur- 
face area, resulting in the reduction of H overvoltagc The precursor 
alloy is prepared practically by melting Ni and Al, where the compo- 
sition is around fiiry-fifly in weight, and usually contains some types 
of intermetallic compounds; NiAl 3l N^Alj, NiAl, and NijAl. 14 The 
phases behave diiterently in the teaching process and affect the mor- 
phology, cornposilion, and catalytic activity. However, the role of 
each compound in the catalytic activity of the Raney-Ni cathode has 
been not clarified We should use the precursor alloy consisting of 
one phase to understand the Raney-Ni electrode deeply. 

En this study, the Raney-Ni electrodes were prepared from vari- 
ous precursor Ni-Al alloys. We investigated the electrochemical 
activities of these electrodes and the effect of precursor alloy. These 
Raney-Ni electrodes were also characterized by X-ray diffraction 
(XRD) analysis and gas adsorption method. 

Experimental 

Preparation of e/e^/rWe.—Ni-AJ precursor alloys (NIAlj, 
Ni 2 Al 3 , NiAl, and NijAl) were prepared from Ni (99.95% pure) and 
Al (99.99% pure) shots. The shots were weighted according to the 
stoichiometry of each alloy and melted in an alumina crucible using 
an induction furnace. Each ingot was annealed to homogenize at 973 
K for 4 b in a vacuum furnace, the base pressure of which was under 
5 X 1 0" 3 Ton; The formation of Ni-Al intermetallic compounds was 
confirmed by XRD, as shown in Fig. 1. These inteimetaUic com- 
pounds were cut with a silicon base saw into an appropriate size. The 
electrical contact was made by joining a copper wire with silver 
cpoxy resin. The electrode was polished with emery paper using de- 
ionized water as lubricant The leaching of Al was accomplished by 
dipping in 6 M NaOH at 343 K for 1 h, We hereafter deno te Rancy- 
Ni cathodes thus prepared from NIAlj, Nt 2 Al 3 , NiAl, and Ni 3 Al 
alloys as R, 3l R^, R, j, and R 3l , respectively. 
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Electrochemical measurements and surface analysis. — Polariza- 
tion measurements of the cathodes were conducted galvanosiaLically 
in I M NaOH at 303 K. The electrode was positioned in a Pyrex glass 
cell of about 0.5 dm*. A platinum plate was used as the counter elec- 
trode. The electrolyte was pre-elcctrolyzcd with a couple of platinum 
electrodes in a polyietrafluoroethylcne (PTFE) cell at 100 A/dm 2 for 
24 h to remove trace impurities and then transferred to the measure- 
ment cell Such a procedure was very important to avoid problems 
caused by contamination and to obtain reproducible results. The cath- 
ode potential was measured using a Luggin-Haber probe in connec- 
tion with a reversible hydrogen electrode (RHE) placed in the same 
solution. The solution ohmic drop between tlic working electrode and 
the probe was corrected using current interruption technique. There- 
fore, measured potential corresponds to H overpotcntial. 

Impedance measurements were performed for evaluating the effec- 
tive surface area of electrodes. The measurements were carried out at 
-0.1 V vj. RHE. The frequency was varied in the range from 20 kHz 
to 10 mHz, and the ae amplitude was kept constant at JO rrjV In rms. 
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Figure I, XRD panems of Ni-Al precursor aUoys before leaching AL 
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The crystalline structure of the electrode was examined by XRD. 
The pore distribution was also measured by gas adsorption. 
Results and Discussion 
Tne clcctromemical activity of the H evolution reaction wa$ eval- 
uated by measuring current dcnsity-poleniial (i-E) curves in 1 M 
NaOH at 303 K. The results are shown in Fig. 2. The corresponding 
kinetic parameters art summarized in Table L The H ovefpotential of 
Raney-Ni cathodes prepared from NiAl 3 and NinAl 3 was lower than 
those from Ni rich precursor alloys (NiAJ and NipU\ The H ovcrpo- 
tcntials at 25 A/dm 2 (ty^) of R u and R^ were - 0-19 and -0.32 V, 
respectively, whileR u andR 31 indicated -ri^ = -0.48 and -0.51 V. 
respectively. E - log I relations for R, 3 and R^ deviated from lu> 
canty, and hence, the kinetic parameters could not be estimated from 
the polarization curves. Raney-Ni electrodes usually have micropore* 
on the surfaces. The nonliueaiity of the slope is caused by concentra- 
tion polarization in the very narrow micropores or blocking of the 
electrode surface by H bubbles in these port*. 13 The drsrribulion of 
micropore size for R 13 and R^ was measured by N-, adsorption. 
These rcsulis are shown in Fig. 3. The radius of micropores in R 13 
mainly distributes below 30 A. On the other hand, micropores of Ra 3 
have sizes smalJcr than 100 A. This difference in size causes the 
result that (he Tafcl slope of R l3 is larger than that of (Fig. 2), 
although the reason is unknown so far. In contrast, cathodes prepared 
ftom rich alloys. R n and R 3 satisfied linearity in the Tafcl plots, 
and the slope was about 0.12 V/dec. The charge transfer coefficient, 
Oy, corresponds to ca. 0.5. It is suggested that the H evolution reac- 
tion proceeds on R } , and R 3 , through the same mechanism as on a Ni 
electrode. These results indicate that an active Raney-Ni cathode is 
obtained only from Al rich alloys NiAt, and Ni 2 AI 3 . 

The Raney-Ni cathode indicates the* low Tafcl slope in the indus- 
trial eondirioa For example, the Talel slope for the Raney-Ni cath- 
ode, which was prepared by electrodeposition, was about 
0.045 V/decade in 35 wt % NaOH at 363 K. * Chen el al* reported 
a marked increase in activity at higher temperature: the Tafcl slope 
of the Raney-Ni cathode was 0.09 and 0.04 V/dccadc in 1 M NaOH 
at 298 and 353 K. rcispcctively: Pshenichnikov* also reported that 
Raney-Ni cathode indicated two Tafcl slopes with 0.04 V/decadc at 
the lew current density region and 0. 1 2 V/dccade at the high current 
density region. m this study, Rj , andR 23 wore indicated by two Tafcl 



Table t Kinetic parameters of H 3 evolution reactions on NI find 
Raney-Ni electrodes prepared Dram various Ni-Al precursor 
alloys in 1 M NaOH at 303 K: i+ exchange current density; 
A, Tafel slope; charge transfer coefficient; njj, D 
overpotentJal at 25 A/dm 1 . 
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regions, although E - log i relations deviated from linearity at high 
current density region. The transition point from low to high Tafel 
slope would be shifted to the direction of high current density when 
the solution tcmporarure was high such as an industrial condition. 
Therefore, the H overvoltagc at high current density probably indi- 
cated lower value at high temperature NaOH solution. 

An active Raney-Ni is usually prepared from the Ni-Al precursor 
alloy which has a mass fraction of 50 wt % Ni and the rest consists 
of Al. The four types of inteimetallic compounds generally exist in 
the Ni-Al alloy sysiera; however the composition of the Ni-Al pre- 
cursor alloy is not clarified. The dissolution rare of Al from these 
precursor alloys is a very important factor because an active Raney- 
Ni is obtained by leaching Al out of the precursor alloy in concen- 
trated NaOH solution. Tbi* difference of lac catalytic activity in 
Raney-Ni cathodes probably depends on the dissolution rate of Al 
from Ni-Al intcnnctallic compounds in concentrated NaOH solu- 
tion. In order to investigate the leaching rate from each Ni-Al pre- 
cursor alloy, the weight loss due to leaching Al was measured in t M 
NaOH at 303 K. These results are shown in Fig. 4. This leaching 
condition was chosen to prevent the disintegration of Ni-Al inter- 
metallic compounds during teaching. The weight loss was observed 
only Tor Al rich alloys (NiAt 3 and NiaAlj) iu this leaching condition. 
Especially, Al was leached much more readily from NiAi 3 than from 
NhAlj, On the other hand, NaOH solution could not leach out an 
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Figure 2. Cathtxlic polarization curves for H 2 evolution reaction in 1 M 
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NaOH at 303 K on a Ni and an electrode obtained from various Ni-AJ pre- Figure 3. Micropore distribution in NiAJ, and NiJVU after leadline Al i 
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Specimen 

Figure 4. Weight low of Ni-Al precursor alloys during 
NaOH at 303 K for I h. 



in I M 



appreciable amount of AI from Ni rich alloys (NiAl and Ni 3 Al). 
These results show that an active Raucy-Ni cathode can be produced 
only by leaching of NiAl 3 or Ni^Alj. According to Bakker ct al.* 6 
N1AI3 was leached more rapidly than NijAl 3 phase, Jn addition* the 
leaching of NiAl 3 proceeded even If tholempertturc of NaOH was 
low. In this study, rapid dissolution of Al from NiAl 3 is in good 
agreement with their results. Although they also reported that the 
leaching of N^Alj phase did not proceed below 343 K. we observed 
the dissolution of Al from NijAlj at 303 K by the weight loss and toe 
H evolution during leaching. 

The catalytic activity for H evolution reaction b affected by the 
effective surface area of the electrode. To estimate the relative sur- 
face area of electrodes, the double layer capacitance was derived by 
ac impedance measurements. The relative surface area was deduced 
from the double layer capacitance; The capacitance was calculated 
with a complex nonlinear least-squares program developed by Mac- 
donald, 17 because the flattened semicircles were observed On the 
complex plan plots. The equivalent circuit model consists of the 
solution resistance in scries with a parallel connection of the double 
layer capacitance and the faradatc impedance which is usually rep- 
resented as a simple charge transfer resistance. In this model the 
double layer capacitance is submitted by a constant phase clement. 
The results are shown in Tabic IL R I3 and IUj electrodes had 
10 4 times larger surface area than a Ni electrode. Since Al from 
NUA1* phase dissolves more slowly than from NiAl 3 under the same 
leaching condition, the R (3 electrode obtained from NiAl 3 has a 



Table XL Relative surbee are* of Rancy-Ni electrodes 
determined by 4C impedance in 1 M NaQH at -0.1 V vs. 
RHE. C m is double layer capacitance. 



Specimen 



C$ (oF/cm 2 ) 



Relative surficc 

) 



NI 
*SI 



52 

836 X 10 3 
617 X 10* 

55 

58 



1 

12667 
9348 
1.1 
1.1 



higher surface area than the R^. On the contrary, the surface areas 
of cathodes from R u and R 3 | were nearly equal to Ni, because Al 
was hardly leached. In consequence, the R u and R 31 display lower 
catalytic activity than those from Al rich alloys. Especially, R l3 pro- 
vides the highest actfviry. However, the catalytic activity of the 
Raney-Ni cathode could not be explained only with the surface area, 
because the surface composition on Rnney-Ni after leaching affects 
the cataryric activity. The leaching process is not complete, general- 
ly, and a small amount of less noble metal remains in Rancy-Ni 18 ' 19 
The amount of residual Al in the electrode obtained from Ni 2 Al 3 is 
probably more than that from NiAlj, because the dissolution rate of 
aluminum from NiAl 3 phase is more rapid than thai from Ni 2 Al 3 . 
Hie residual Al in R^ affects the Open circuit potential, shifting to 
slightly more negative than the H : 0/H 2 thermodynamic equilibrium 
potential Indeed, the static potentials in t M NaOH at 303 K forR l3 
and Ru were -4 and -43 raV T respectively. In addition, the R I3 
electrode shows higher catalytic activity than the R 23 as already de- 
scribed. The results indicated that an increase of the residual AI con- 
tent in Raney-Ni leads to the decrease of the catalytic activity. 

Figure 5 shows XRD patterns for Ni-Al electrodes after leaching 
in 6 M NaOH ar 343 K for 1 h. Since Al hardly dissolves from Ni 
rich alloys in the NaOH Solution, XRD peaks of NiAl and Ni 3 AI did 
not undergo significant changes. In the case of R^, the peaks from 
the N12AI3 phase were detected, but they were broadened. Bakker 
et aV* reported that NijAlj was converted to a mixture of Nt 5 Al 3 
and Ni during the leaching and the teaching of Ni 2 Al 3 proceeded 
according to the selective dissolution mechanism. Although the 
selective dissolution reaction produces the wmpositc of Ni 2 Al 3 and 
Ni during leaching, the complete leaching yields only Ni phase. In 
this study, the Ni peak is nor observed 00 the XRD chart after leach- 
ing. The dissolution rate of Al from Nij Al 3 is very slow (Fig, 4), so 
that the production of Ni phase is uol observed in this leaching con- 
dition. The presence of Ni^A^ phase in the Raney-Ni cathode leads 
to a decrease of the catalytic activity for H 2 evolution; 18 besides, it 
is reported that the phase of Ni appeared on the XRD chart when 
NijAlj was leached until no more H 2 gas evolved. 1 8(19 If tho leach- 
ing condition were more severe {eg., at high temperature, or for a 
long time), even the Ni 2 Aj 3 phase would bo dissolved and trans- 
formed into the Ni phase. Therefore, the leaching condition would 
play an important role in the catalytic activity. 
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Figure 5. XRD patterns of Nl-Al precursor alloys after leachinc Al in 6 M 
NaOHfcxlhat343K. 
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On the contrary, the XRD pattern of R u exhibited that there was 
qo peak from the Ni-Al alloy but broad peaks from Ni appeared 
instead. The broadening of XRD peaks may be attributed to the ap- 
pearance of an amorphous structure, 8 - 11 ' 12 a small crystallite size, 
and lattice detects or internal stress, although we cannot determine 
whicbcaiise is applicable to the present experiment Choudhary 
ex al 20 ^ 1 suggested that the leaching proceeded in various stages 
involving phase tmnsformatiom Ni Al 3 -* Ni 2 Al 3 -> NiAl -• NL Cho- 
queue ct al 1 also reported that NiAI 3 was transformed into Ni 2 Al» 
during leaching. However, the transformaiion of NiAl, lino Ni 2 AK 
is uot observed in this study. If NiAl 3 were converted into Ni^l ? 
during leaching, the peak ofNijA^ should be observed on the XRD 
of R u because the dissolution of Al from N^AIj is slower than that 
from NiAlj. In addition, NiAl phase docs not dissolve in NaOH 
solution, so that the NiAl peak should be also detected on the XRD 
of R l3 and Ry. However, the XRD pattern of NiAl 3 after leaching 
shows only the Ni phase in this study. This result implies that NiAl, 
and Ni2AI 3 phases are directly transformed into Ni during the leach- 
ing of AL 

The Ni-Al precursor alloy commonly contains SO wt % Ni and 
50 wt % Al. The precursor alloy has low strength, substantially no 
impact strength, and cannot be fabricated by conventional technique. 
The product is, therefore, provided as a powder. An active Rancy-Ni 
electrode is prepared by electrochemical codeposition of the sus- 
pended powder from Ni plating bath. 1-5 If the NiAl 3 powder would 
be substituted for the conventional powder, 50 wt % Ni, the electro- 
caialytic activity of the Rancy-Ni cathode could increase. However, 
the catalytic activity of the Rancy-Ni electrode prepared from elec- 
trochemical codeposition is affected by electroplating conditions. 
Further detailed investigation is necessary to adopt the NiAl, pow- 
der for electroplating 

Conclusion 

The Raney-Ni cathodes were prepared by leaching Al from vari- 
ous Ni-Al precursor alloys (NiAl 3 , Ni^, NiAl, and NijAl). An 
active Rancy-Ni electrode was obtained only from Al rich alloys 
<NiAl 3 and Ni 2 Al 3 ) because the dissolution of Al from these alloys 
proceeded In NaOH solution. Especially, the most active Raney-Ni 



cathode was yielded from Ni Al 3 due to the rapid Al leaching. On the 
other hand, Ni 2 Al 3 phase is present in Rn 3 , which decreases the cat- 
alytic activity. Because the largo surface of the electrode, the forma- 
tion of the micropores, and the appearance of Nt phase after leach- 
ing Al. R u indicated low H overpotentiaL 
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Ni 3 Al is Vnown as prami<ii\g hi^-iempccBnire structural material* because of lis excellent high temperature strength and corrosion/ 
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the catalytic activity of NijAI powdcra by feeding pure methanol ai a reaction temperature range Irom 523 io 633 K. It was found ihat Ni 3 AI 
Shows not only a high activity for che uieilianol decomposition but also /rappnjsse* the raethanarioo- The catalytic propetties of NijAI were 
compared to that in the case of feeding both methanol and water. 
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1. introduction 

Methanol decomposition to hydrogen and carbon mon- 
oxide is an important reaction for methajiol-fuelled vehicles 
and utilization of waste heat from industries. Tt is known that 
nickel catalysts are active for methanol decomposition. 
However, they have a drawback of the formation of methane 
due to the chemical reaction between product gases, hydro- 
gen and carbon monoxide. 1 " 3 * It is, therefore, necessary to 
develop better catalysts without causing methanation. Some 
intermetallic compounds are known to have good catalytic 
selectivity and activity. For example, Ni 3 Sn increases the 
selectivity for hydrogen production. 3 * and PtGe and CoGe do 
for hydrogenation> 5 > In Ni-Al system there are four stable 
intemetaliic compounds, NiAl 3 . Ni$Al 3 , NiAl and Ni 3 Al. 
Among them a mixture of NiAl 3 and Ni 2 Ai 3 (Ni-50mass% 
AI) is used as a precursor alloy for Raney nickel catalysts: ihc 
Raney nickel catalysts are produced from the precursor alloy 
by leaching aliuninum in a concentrated NaOH solution. For 
NiAl and Ni 3 AI* very limited studies have been carried out on 
the catalytic properties. Probably it has been thought difficult 
to effectively leach aluminum from them because of their low 
aluminum concentration, 6 * and thus high catalytic activity 
has not been expected, particularly tor Ni 3 AI. Until now, 
Ni 3 AI is known as promising high-temperature structural 
materials because of its excellent high temperature strength 
and corrosion/oxidation resistance and thus many studies 
have been focused on the mechanical properties and the 
microstjtictures. 7 "^ Recently, we studied che catalytic prop- 
erties of NijAI for hydrogen production from the mixture of 
methanol and water. It was found that NijAI shows high 
activity and selectivity for methanol decomposition and little 
effect of waicr on the reaction. 10 * In the present study, we 
studied the catalytic activity of Ni 3 AI for hydrogen produc- 
tion from pure methanol in order to examine the effect of 
water. 
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2, Experimental 

The sample preparation is the same as the previous 
study. w Ni 3 Al (Ni-12.7mass% AI) alloy ingot was prepared 
by conventional induction heating and homogenized at 
1573K for 36 ks in high vacuum. Then the ingot was 
scrapped with a planer machine, crushed to powder less than 
150 urn in size by mechanical nulling. The powder was 
dipped hi a stirring 20mass% NaOH aqueous solution at 
340 K for 18ks in order to leach aluminum. After leaching 
the NaOH solution was subjected to inductively coupled 
plasma (IQP) analysis in order to measure the amount of 
leached aluminum. The surface area of the powder was 
determined by BET (Bmnauer-Ernmett-Teller) surface area 
analysis. The crystal structure before and after leaching was 
analyzed by X-ray diffraction (XRD) using a CuKa source 
(Rigaku. R1NT2500). For comparison, a nickel catalyst was 
prepared by the same leaching treatment as the Ni 3 AI powder 
from commercial Ni-50mass% AI alloy powder (Raney- 
Nickel, Mitsuwa Chemicals). 

The catalytic experiments of methanol decomposition 
from methanol were carried out in a conventional fixed-bed 
flow reactor as described in the previous report. ,an, The 
Ni 3 AI powder of 0.2 g was set in a quartz tube with an 
internal diameter of 8 ram in the reactor. Prior to reaction, the 
powder was reduced at 513 K for 3.6 ks in a flowing hydrogen 
atmosphere. Then, the hydrogen flow was stopped and 
refilled with nitrogen to flush Hi- Subsequently pure 
methanol was introduced to the quartz tube at a liquid hourly 
space velocity of 30 h -1 (defined as the volume of methanol 
passed over the unit volume of catalyst per hour) using a 
plunger pump together with nitrogen carrier gas. Reaction 
temperature was increased stepwise from 513 to 633 K at 
intervals of 20 K. The outlet composition of gas products was 
analyzed after 1 .5 ks at each temperature using gas chromato- 
graph (Shimadzu, OC-14B equipped with thermal conduc- 
tivity detectors (TCD)). 

3, Results and Discussion 
The amount of leached duminum was estimated at 



# 



3178 



Y. Xutfat. 



Tabic 1 Results of BET surface arc* rneasUrfcattnfci inr/fi) 





Before leaching 


After leurhing 


NijAJ 


23 


5.1 


Nicataly* 


1.8 


2.8 



13.9mass% of aluminum concentration in the precursor 
Ni 3 Al by ICP analysis. No nickel was detected in the 
solution. In the case of the nickel catalyst, much larger 
amount of aluminum was leached in the same process as 
NijAI. The amount of leached aluminum was estimated at 
7S.4mass% of aluminum concentration in the precursor Ni- 
50mass% Al alloy. 

The results of the BET surface area measurement were 
summarized in Table 1. It is found that the surface area 
increases more than twice by leaching. The BET measure- 
ment showed that the surface pore radius is sharply dis- 
tributed at approximately 2nrn after leaching, indicating that 
the observed increase in surface area is due to the formation 
of these fine pores. For the nickel catalysr used for 
comparison, the surface area after leaching, 2.8m 2 /gi is 
smaller than that of the Ni 3 Al catalyst. This is ascribed to the 
fact that the nickel catalyst was dried in air. Probably the 
surface of the nickel catalyst was oxidized during ihe drying 
process, resulting in the reduction in surface area since they 
are very reactive in air. However, the characteristics of the 
nickel catalyst are not qualitatively damaged by this process, 
which will be described below. 

Figure 1(a) shows the XRD results of the N13AJ powder 
before and after leaching. All the diffraction peaks observed 
are assigned as NijAL No significant difference is observed 
between before and after leaching. These results indicate that 
leaching of aluminum is limited to the very thin surface layer 
of the Ni^Al powder, leaving the bulk as it was. On the other 
hand, in the case of the nickel catalyst as shown in Fig. 1 (b), 
the diffraction peaks observed before alkali leaching are 
assigned as N1AI3 and r^Alj, and fee nickel phase was 
formed on the surface as a result of alkali leaching. 

Figure 2 shows the rates of H 2 . CO, CO* and CH* 
productions as a function of the reaction temperature for the 
Nia Al, compared with nickel catalysts. In the Ntj Al catalyst, 
Ha and CO are the main products in the whole temperature 
range and that their production rate increases with increasing 
temperature. The results mean that the methanol decompo- 
sition mainly occurs. 



CH 3 OH-+2Hi+CO 



(1) 



Above 573 K the amount of CH4 increases slightly for the 
Ni 3 AI catalyst, indicating that the following methanation 
occurs at high temperatures in addition to ihe methanol 
decomposition: 



Methanation 3H 2 -J- CO CH4 + H 2 0 



(2) 



However, the amount of methane produced is so small that 
the production rate of Hi is not virtually affected in the 
temperature range of this study. For comparison, the results 
of the Ni 3 Al in the case of feeding both methanol and water 
are shown as dotted lines in Kg. 2. It is found that NiaAl 
shows similar catalytic characteristics in both cases. How- 
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ever, several differences ere noticed between them. First, the 
rates of H2 and CD production fo the case of feeding pure 
methanol are lower than those in the case of feeding both 
methanol and water. Second, even at temperatures above 
573 the rate of CO2 production in the case of feeding pure 
methanol is much lower, and the rate of CtU production is 
slightly higher than that in the case of feeding methanol and 
water, indicating that in the absence of water, the water gas 
shift reaction (CO + H2O -> CO2 + H2) is suppressed, 
while the methanation is slightly enhanced 

Comparing the results of the nickel catalyst, the nickel 
catalyst shows higher activity for methanol decomposition 
below 553 K than NijAl catalyst, while the methanation and 
the water gas. shift reaction are highly accelerated above 
553 K, accompanying the significant increase of CO2 and 
CH* production rates. These results are qualitatively in 
consistent with previous studies: 10) the nickel catalysts are 
active for methanol decomposition, m3) methanation, 1, 2,14) 
and water gas shift reacuon. ,5lfi) As a result of the reaction of 
methanol (2), the rate of H2 production saturates above 
573 K. These results confirmed the advantage of the N13AI 
catalysts over the nickel catalysts in terms of the high activity 
and selectivity for methanol decomposition at high temper- 
atures above 553 K. 

Considering that a part of aluminum was leached on the 
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surface of the Ni 3 AI powder, the outer surface of the Ni 3 Al 
must become nickel-enriched after leaching. Ic is, therefore, 
considered that the nickel-enriched surface, which may be a 
mixture of Ni 3 Al and nickel, increases the catalytic activity 
and the selectivity for methanol decomposition, by suppress- 
ing methanation. Detailed surface analysis is in progress. 

4. Conclusions 

The catalytic activity of NijAl after alkali leaching was 
studied by reeding pure methanol in the temperature range of 
513-633 K, The following results were obtained. 

(1) The alkali-leached NisAl catalyst in the case of feeding 
pure methanol shows similar catalytic characteristics to 
that in the case of feeding mixture of methanol and 
water, Le. higher catalytic activity for the methanol 
decomposition than nickel catalyst above 573 K. Hie 
rate of hydrogen production increases rapidly with 
increasing reaction temperature. 

(2) The Ni 3 Al catalyst suppresses the formation of methane 
even in case of feeding pure methanol, i.e. it shows 
higher selectivity for methanol decomposition than 
nickel catalysts. 

These results indicate that NiaAl is highly promising as a 
catalyst for methanol decomposition. 
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Abstract 

The catalytic properties of Ni 3 AJ Intennetallics were studied Tor hydrogen production from methanol. It is found that the alkali-leached 
N13AI powders show a high catalytic activity for the methanol decomposition (CH 3 OH->2H 2 +CO). The rate of hydrogen production 
increases rapidly with increasing reaction temperature. Furthermore, the NijAl catalysts suppress the formation of methane and water gas 
shift reaction, i.e. they show higher selectivity for methanol decomposition than nickel catalysts. These results indicate that the Ni 3 Al 
catalysts arc highly promising as a catalyst for hydrogen production. 
© 2004 Elsevier Ltd. All rights reserved 

Keywords: A- Nickel aluminldes, based an NiyU; G. Catalysis 



1. Introduction 

Hydrogen is attracting much attention a$ a clean and 
efficient energy source. Many efforts have been made to 
develop efficient, low-cost catalysts for hydrogen pro- 
duction. Nickel catalysts are typical of them and have 
been widely used for hydrogen production. However, they 
have a drawback of the formation of methane due to the 
chemical reaction between product gases, hydrogen and 
carbon monoxide, which ends up in reducing the 
efficiency of hydrogen production [1-3]. It is, therefore, 
necessary to develop better catalysts without causing 
raethanation. 

Some intemxetallic compounds are known to have good 
catalytic selectivity and activity. For example, NijSn 
increases the selectivity for hydrogen production [3], and 
PtGe and CoGe do for hydrogenation and dehydrogenation 
[4,5], In Ni-AJ system there are four stable intemetaUic 
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compounds, NiAI 3 , NbAfe, NiAl and N13AL Among thera 
a mixture of N1AI3 and Ni 2 Al 3 (Ni-50 wt% Al) is used as 
a precursor alloy for Raney nickel catalysts: the Raney 
nickel catalysts are produced from the precursor aUoy by 
leaching aluminum in a concentrated NaOH solution. For 
NiAl and N13AI, very limited studies have been carried 
out on the catalytic properties. Probably, it has been 
thought difficult to effectively leach aluminum from them 
because of their low aluminum concentration [6], and thus 
high catalytic activity has not been expected, particularly 
for Ni^Al. Until now, N13AI is known as promising high- 
temperature structural materials because of its excellent 
high temperature strength and corrosion/oxidation resist- 
ance and thus many studies have been focused on the 
mechanical properties and the micro structures (for review, 
see Reft- [7-9]). 

In the present study, we examined the catalytic activity of 
single-phase Ni^AI powder for hydrogen production from 
methanol which is important in fuel cells and small-scale 
hydrogen plants [10]. We report here that Ni*Al inter- 
metallic compounds show not only a high activity for the 
methanol decomposition (CflbOH -» 2H 2 + CO), but also 
suppress the methanation. 
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2. Experimental 

Ni 3 Al (Ni-12.7 wt% Al) alloy ingot was prepared by 
conventional induction heating and homogenized at 1573 K 
for 36 ks in high vacuum. Then the ingot was scrapped with 
a planer machine, crushed to powders by mechanical 
milling, and sieved less than 150 uw in size. The powder 
was dipped in a stirring 20 wt% NaOH aqueous solution at 
340 K for 18 ks in order to leach aluminum. After leaching 
the NaOH solution was subjected to inductively coupled 
plasma (ICP) analysis in order to measure the amount of 
leached aluminum. Subsequently, the powder was filtered 
out and rinsed in deionized water until the washing water 
became neutral pH 7. Finally, it was dried at 323 K for 
28.8 ks in air. The surface area of the powder was 
determined by BET (Bmnauer-Bmmett-Teller) surface 
area analysis. The crystal structure before and after leaching 
was analyzed by X-ray diffraction (XRD) using a CuKoc 
source (Rigaku, RINT2500). For comparison, a nickel 
catalyst was prepared by the same leaching treatment from 
commercial Ni-S0wt% Al alloy powder (Raney-Nickel, 
Mitsu wa Chemicals). 

The catalytic experiments of hydrogen production from 
methanol were carried out in a conventional fixed-bed flow 
reactor as described in the previous report [16]. The N13AI 
powder of 0.2 g was set in a quartz tube with an internal 
diameter of 8 mm in the reactor. Prior to reaction, the 
powder was reduced at 513 K for 3.6 ks in a flowing 
hydrogen atmosphere. Then, the hydrogen flow was stopped 
and refilled with nitrogen to flush H 2 . Subsequently, the 
mixed solution of methanol and water (CH 3 0HzH 2 0=l 
moLi.5 mol) was introduced to the quartz tube at a liquid 
hourly space velocity of 30 h*" 1 (defined as the volume of 
methanol passed over the unit volume of catalyst per hour) 
using a plunger pump together with nitrogen carrier gas. 
Finally, temperature was increased stepwise from 513 to 
633 K at Intervals of 20 K. The outlet composition of gas 
products was analyzed after U ks at each temperature using 
gas chromatograph (Shimadzu, GC-14B equipped with 
thermal conductivity detectors). The total flow rate of gas 
products was measured at each temperature with a soap 
bubble meter just after the gas analysis. After the catalytic 
experiments, the surface of the powder was observed by a 
scanning electron microscopy with a field emission gun 
(JEOL, JSMH5500F). 



3. Results and discussion 

5.2. Surface characterization 

The ICP analysis of the NaOH solution after leaching 
showed that aluminum was selectively leached from the 
N13AI powder: The amount of leached aluminum was 
estimated at 13.9 wt% of aluminum concentration in the 
precursor Ni;jAl (Ni-12.7 wt% Al). No nickel was detected 



Tablet 

Results Of BET sui&cc area 



(m 3 /g) 



Before leaching After leaching After reaction 



NijAl 

Ni catalyst 



23 
1-8 



5.1 
2.8 



5.7 
1.8 



in the solution. In the case of the nickel catalyst, much larger 
amount of aluminum was leached in the same process as 
the N13AL The amount of leached aluminum was estimated 
at 78.4 wt% of aluminum concentration in the precursor 
NM0wt%Al alloy. 

Table 1 summarized the results of the BET surface area 
measurement It is found that the surface area increases 
more than twice by leaching. Fig. 1 shows the size 
distribution of the surface pore before and after leaching 
which is estimated from the BET measurement The pore 
radius is sharply distributed at approximately 2 nm after 
leaching, indicating that the observed increase in surface 
area is due to the formation of these fine pores. For the 
nickel catalyst we used for comparison, the surface area 
after leaching, 2.8 m 2 /g, is smaller than that of the NI3AI 
catalyst This is ascribed to the fact that the nickel catalyst 
was dried in air. As welj known, Raney nickel catalysts have 
large surface area above 40 m 2 /g after leaching [3]. Since 
they are very reactive in air they are usually processed in 
inert or reducing environment Probably, the surface of the 
nickel catalyst was oxidized during the drying process, 
resulting in the reduction in surface area* However, the 
catalytic characteristics of the nickel catalyst are not 
qualitatively damaged by this process, which will be 
described below. 

The XRD analysis was carried out for the N13AI (Fig. 2a) 
and Ni (Fig. 2b) catalysts before and after leaching. As 
shown in Fig. 2a, all the diffraction peaks observed are 
assigned as M3AL No significant difference is observed 
between before and after leaching. On the other hand, a$ 
shown in Fig. 2b, the Rahey-Mckel powder before leaching 
(Ni-50wt%Al) is composed of Ni 2 Al 3 and NiAl 3 . 
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Kg. 2. XRO pailenis of Ni 3 Al (a) and Rnney-nickri (fa) powder* before and 
after alkali leaching, and after catalytic reaction. 

After leaching, the diffraction peaks of nickel are observed 
Fig. 3 shows the SBM micrographs of the powder surface 
before and after leaching, showing no difference between 
them. Taking into account the fact ihat very fine pores (2 nm 
in radius) are formed by leaching (Rg. 1), the SEM 
observation is reasonable. 

All the results indicate that leaching of aluminum is 
limited to the very thin surface layer of the NijAJ powder, 
leaving the bulk as it is. In the case of the nickel catalyst, 
f.c.c. Ni phase was formed on the surface as a result of alkali 
leaching. 

3.2, Catalytic activity 

The catalytic experiments of hydrogen production from 
a mixed solution of methanol and water were carried out 
Fig. 4 shows the rates of H 2 , CO, C0 2 and CH* productions 
as a function of the reaction temperature for the N13AI 
before and after leaching. It is found that H 2 and CO are the 
main products in the whole temperature range and that their 
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Fig. 3- SEM images of the surface of NijAl powder (a) before leaching, (b) 
after leaching. 

production rate increases with Increasing temperature for 
both the N13AI catalysts. The results mean that water does 
not participate in the chemical reaction, i.e. the steam 
refoiming of methanol (CH 3 0H+H20-+3H 2 +CO 2 ) does 
not occur, the methanol decomposition mainly occurs in the 
presence of the NUA1 catalysts 



CH 3 0H->ZH 2 +C0 



(!) 



The noteworthy in the results is threefold. First, NijAl 
exhibits a limited catalytic activity without teaching. 
Second, the production rate of H 2 and CO is much higher 
for the M3AI after leaching than that before leaching, which 
means that the catalytic activity of N13AI is markedly 
enhanced by leaching. Needless to say, the high production 
rate of hydrogen is beneficial to hydrogen production. Third, 
the production rate of OO2 and CH* for the N13AI before 
leaching is much lower in the whole temperature range, 
indicating higft selectivity for methanol decomposition. 
Above 573 K the amounts of CO2 and CH4 increase slightly 
for the N13AI after leaching. The following water gas shift 
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reaction and methanation, therefore, partly occur at high 
temperatures in addition to the methanol decomposition: 

Water gas shift reaction: CO+H 2 0->COj + H 2 (2) 
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Methanation : 3H 2 + CO CH4 + H 2 0 



(3) 



However, the production rate of methane is $0 small that 
the production rate of H 2 is not virtually affected in the 
temperature range of this study. 

For comparison, the results of the nickel catalyst are also 
shown in Fig. 4, It is found that the nickel catalyst shows 
similar activity and selectivity for methanol decomposition 
below 553 K to the N1 3 A1 catalysts, while the water gas shift 
reaction and the mcthanation are highly accelerated above 
553 K, accompanying the significant increase of C0 2 And 
CH4 production rates. These results are qualitatively 
consistent with previous studies: the nickel catalysts 
are active fox methanol decomposition [1 142], methanation 
[1,2,13], and water gas shift reaction [14,15], As a result 
of the two concurrent reactions, the rate of H 2 
production saturates above 590 FC Hie results demonstrate 



temperatures in the hydrogen production from methanol over toe N13AI 
Catalyst after leaching (triangles), respectively. 

the advantage of the N13AI catalysts over the nickel catalysts 
in terms of the selectivity for methanol decomposition at 
high temperatures above 553 K, 

TheXRD analysis of the M3AI powder after reaction was 
carried out and all the diffraction peaks were assigned as 
N13AI as shown in Fig, 2a, indicating that no structure 
change was observed during the catalytic reaction. The 
increase of the intensity of diffraction peaks after reaction is 
considered to be due to the strain annealing of the 
mechanically milled N13AI powder above 573 K. The BET 
surface area was measured at 5.7 m 2 /g, which is close to that 
of the N13AI after leaching as shown in Table 1. These 
results show that the N13AI catalysts have good thermal and 
chemical stabilities, which are considered to take over the 
excellent high temperature strength and corrosion/oxidation 
resistance of Ni 3 Al even after alkali leaching. 

Considering that the NI3AI before leaching shows a low 
catalytic activity, the high activity of the NijAl after 
leaching cannot be explained simply by the increase 
in surface area. The outer surface of theNi^Al must become 
nickel-enriched after leaching and it is, therefore, 
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considered that the nickel-enriched surface, which may be a 
mixture of N13AI and Ni, increases the caialyric activity and 
does not decrease the selectivity significantly for methanol 
decomposition, by suppressing methanation and water gas 
shift reaction. Detailed surface analysis is in progress. 



(3) The NijAJ catalysts suppress the formation of methane 
and water gas shift reaction, i.e. they show higher 
selectivity for methanol decomposition than nickel 
catalysts. 



4w Conclusions 

The catalytic activity of NisAl before and after alkali 
leaching was studied for hydrogen production from 
methanol in the temperature range of 513-633 K. The 
following results were obtained. These results indicate that 
the Ni 3 Al catalysts are highly promising as a catalyst for 
hydrogen production. 

(1) N13AI single^phase alloy, i.e. Ni 3 Al before alkali 
leaching, shows a limited catalytic activity for the 
methanol decomposition, and no activity for the steam 
reforming of methanol. 

(2) Hie activity of NisAl for the methanol decomposition is 
improved significantly by alkali leaching- The alkali- 
leached NI3AI catalysts show a higher catalytic activity 
for the methanol decomposition than nickel catalyst 
above 573 K. The rate of hydrogen production increases 
rapidly with increasing reaction temperature, A rate of 
H 2 production up to 350 ml ruin -1 per goat -1 was 
obtained at 625 K. 
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Abstract 

Methanol decomposition was carried out over flat cold-rolled foils of intermetallic compound NI 3 Al in a temperature range 513-793 K. The 
methanol decomposition into H 2 and CO was effectively catalyzed at 713-793 K, without any need for coating catalyst layers on the foil surface 
before reaction. Both catalytic activity and selectivity to H 2 and CO production increased with time during the initial period Of reaction, indicating 
that the Ni 3 Al foils were spontaneously activated under the reaction conditions. Analysis of the catalytic reaction revealed that the methanol 
decomposition accompanied three minor aide reactions: the Boudouaid reaction, (reverse) water-gas shift reaction, and methanation. Surface 
analyses revealed that fine Ni particles dispcreed on carbon nanofibers formed on the % Al foils during the reaction at 713-793 K. We attribute 
the high catalytic performance at 713-793 K to the gradual formation of this nana structure. 
© 2006 Elsevier Inc. All rights reserved. 

Keywords: htertnataUic compounds and alloys; Micrnreacton Methanol decomposition; Carbon nanofibers 



1. Introduction 

In recent years, micTochanneled reactors have received much 
attention as compact and efficient hydrogen production systems 
utilizing alcohol or hydrocarbon* due to their high surface-to- 
volume ratio and high rates of heat and mass transfer compared 
with conventional reactors [1-9]. In many cases, stainless steel 
or silicon-based materials have been used as structural sheets, 
and active catalysts and porous support materials are coated 
on the structural sheets by complex chemical processes [1-6]. 
However, the lack of heat resistance in stainless steel and the 
poor fonnability and mechanical strength in silicon-based ma- 
terials have limited the application range of microchanneled 
reactors^ It is therefore necessary to develop new materials not 
only with high heat-resistance but also with good formabil- 
ity and mechanical strength. Fuimeimore, simplification of the 
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complex coaling process of catalyst layers is considered as an 
important subject in rnicrochanneled reactor technologies. 

In this respect, intermetallic compound N13 Al, an excellent 
high-temperature structural material [10,11], has considerable 
promise- Thus far, we have successfully developed thin foils 
(23 urn) of this compound by cold-rolling [12]. Because the 
foils have good formability after proper heat treatment [13], 
they can be assembled into honeycomb monoliths [14] and mi- 
crochanneled reactors [15]. In addition, we recently have found 
high catalytic activity and selectivity for methanol decomposi- 
tion into H2 and CO in me foils [16,17]. The unusually high 
catalytic performance of the flat N1 3 A1 foils is attributed to this 
catalytically active structure; that is, fine Ni particles supported 
on carbon nanofibers form spontaneously on the foil surface 
during the reaction. The results of previous studies [10-17] 
demonstrate that the N13 Al foils can be used both as catalysts 
and structural sheets of microchanneled reactors for hydrogen 
production from methanol. 

In our previous study, we reported the catalytic properties for 
methanol decomposition at one specific temperature 793 K. In 
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increasing reaction time during die first several hours, reach- 
ing a steady-state value of about 98% after 29 h of reaction, as 
we previously reported [16]. No considerable change occurred 
thereafter Methanol conversion showed a similar tendency at 
713 and 633 K; however, both the initial increasing rate and 
the steady-state value were low at these temperatures compared 
with those at 793 K. 

Kg. 3 shows the production rates of outlet gases as a function 
of reaction time, as we previously reported [17]. As shown in 
Figs. 3a and 3b, the production rates of H2 and CO were much 
higher than those of other gases for all conditions, and thus the 
main reaction was 



Both production rates increased with increased reaction time 
and temperature, corresponding to the methanol conversion, as 
shown in Fig. 2. This behavior is quite different from that of 
common Ni catalysis for methanol decomposition. For exam- 
ple, for Ni/Si02 catalysts, methanol initially decomposes into 
H2 and CO, but methanation of CO soon follows via the con- 
sumption of H2. As a result, the main products are CHU, CO2, 
and HjO [20], Kg. 4 shows that the ratio of both production 
rates is higher than the stoichiometric value of Eq. (2) at the 
initial reaction period (H2/CO « 2.0), and that it decreases to 
the stoichiometric value with increased reaction time. 

Small amounts of H2O, CHU, and CO2 were also produced 
along with to the main products, as shown in Figs. 3c-3e. Note 
the difference in the vertical scale between Figs. 3a and 3b 
and Figs. 3o-3e, The production rates of these minor prod- 
ucts generally increased with increasing temperature and time, 
but the time dependence was different from that for methanol 
conversion, particularly at 793 K. The production rate of H2O 
increased rapidly with increased time at the beginning of the re- 
action (Fig. 3c), then decreased slightly and gradually increased 
again, showing a local maximum and minimum. In contrast, 
the production rates of CH4 and CO2 increased gradually and 
continuously with increased time even after the methanol con- 
version reached almost 100% (after 29 h). Nevertheless, the 
production rate of CH4 was extremely low compared with that 
over N1/S1O2 catalysts. (CH4 is the major product of methanol 
decomposition ovcrNi/Si02 catalysts [20].) 

3.3. Surface cfiaructerizatipn after Isotliermal tests 

Before the reaction, the foil surface was macroscopically 
smooth with a shiny metallic luster, but had a rolling defor- 
mation structure [21]. After the isothermal tests at all reaction 
temperatures, the surface was covered in soot due to deposi- 
tion of carbon during the reaction. Surface observation by SEM 
(Fig. 5) revealed a drastic evolution of reaction products during 
the reaction. At 793 K, small Ni particles (<250 nm in diam- 
eter) formed on the foil surface after 1 h of reaction (Fig. 5i). 
After 2 h of reaction, carbon oanofibers formed (Fig. 5j). Both 
the Ni particles and the carbon oanofibers were identified by 
TEM and XRD- The Ni particles were dispersed on the car- 
bon nanofibers. The size of the particles corresponded closely 
with the diameter of the carbon nanofibers. The number of both 
products significantly increased over the entire surface of the 
foils with increasing reaction time (Figs. Sj-51). After 7 h of re- 
action, most of the Ni particles were <100 nm in diameter, as 
we reported previously [16]. After 65 h of reaction, the particle 
size ranged from several tens to hundreds of nanometers in di- 
ameter. The particles < 100 nm in diameter tended to be located 
at the top of the carbon nanofibers, and those > 1 00 nm in diam- 
eter tended to be located on the middle region of the fibers. At 
7 13 K, Ni particles also formed after 1 h of reaction (shown by 
arrows in Figs. 5c and 5f). However, the particles were sparsely 
distributed and small compared with those at 793 K. Blocky 
products were observed at this stage but remained unidentified. 
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Formation of carton nanofibcrs was slow compared to that at 
793 K; specifically, nanoflbers formed after 7 h of reaction. Af- 
ter 65 h of reaction, there was no difference in the size and 
distribution of either the Ni particles or the carbon nanofibers 
between 713 and 793 K (Figs. 5h and 51). At 633 K, formation 
of reaction products was quite slow. The amount of Ni particles 
was negligible until 7 h of reaction, and no carbon nanoiiber 
was observed on the surface though the whole range of reaction 
time (Figs. 5a-5d), 

A detailed surface structure analysis was performed on the 
toil after 1 h of reaction at 793 K (Fig. 5i) using TEM and 
STEM-EDS, as shown in Fig. 6. The cross-sectional TEM im- 
age shows the formation of a small particle and a thin layer 
on the foils. The elemental mapping by STEM-EDS revealed 
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Fig. 4. Raoo of H 2 to CO production in methanol decomposition ovtr NijAl 
foils at 633, 71 3, and 793 K irt a function of reaction time. 
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Fig. 6; Cross-Section aJ TEM image and cocrespoodins elemental mapping oy 
STEM-EDS for NisAl foils after 1 h of reaction at 793 K. 

that the particles contained mainly Ni and almost no AI and 0, 
thus confirming ihc formation of small Ni particles on ihc sur- 
face at the beginning of the reaction. Hie thin layer contained 
mainly AI and O, indicating the formation of AI- oxide, which 
agrees well with our previously reported XPS results [16J that 
AI in the N13 AI foils was selectively oxidized and hydroxy lated 
during methanol decomposition. As we previously discussed, 



29 [degrees] 

Fig. 7. XRD patterns for surface product* on N13 Al foils after 65 h of reaction 
at 633, 713, and 793 K, 

selective oxidation and/or hydroxylation of AI in theNi 3 Al foils 
is thought to leave Ni atoms behind, resulting in aggregation 
into small Ni particles. Hie small Ni particles can serve as ef- 
fective catalysts for methanol decomposition. 

The crystal structures of the surface products after. 65 h of 
reaction were characterized by XRD, as shown in Fig. 7. The 
XRD patterns confirmed the formation of graphite and metallic 
Ni at 713 and 793 K, which are often reported in Ni particles 
supported on carbon nanofibera [22,23]. In contrast, the XRD 
patterns showed the formation of metallic Ni and no graphite 
at 633 K, indicating that the carbon produced was likely amor- 
phous. 

Surface areas of the samples before and after 65 h of reaction 
are given in Table 1. The surface area before reaction was ap- 
proximately 17 m 2 /rn 2 . Therefore, the BET surface area of the 
cold-rolled N13 AI foils is roughly 17 times greater than the geo- 
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Surfauc area {m 2 /u?) of Ni 3 Al foil* before and after 63 h of reaction at 633, 
713, and 793 K. The smfacc area was obtained by oonnaliziufi ihc BET surface 



Before reaction (m 2 /rn?) 


After 63 h of reaction {n^/a?) 




633 K 713 K 793 K 


16.6 


245.6 1959.1 17113 



metrical value, possibly due to the deformation structure. After 
reaction at 713 and 793 K, the surface area increased signifi- 
cantly, to about 1960 and 1710 m 2 /m 2 , respectively; thus, the 
surface area was 118 and 104 limes larger, respectively, Chan 
the value before the reaction. The remarkable increase in sur- 
face area after reaction at 713 and 793 K is clearly due to the 
formation of the surface products, consisting of small Ni parti- 
cles and carbon nanofibers. Notably, the increase in surface area 
after the reaction at 633 K was small compared with that at 713 
and 793 K. 



4. Discussion 

4A % Reaction system 

Li our previous studies, we reported the catalytic proper- 
ties for methanol decomposition at one specific temperature, 
793 K. In the present study, the temperature dependence of 
the catalytic properties became clear. The results reveal that 
methanol was largely decomposed into H 2 and CO over cold- 
rolled N13AI foils above 713 K, and that the amount of product 
gases increased with increased reaction time. Small amounts of 
CH4, C02, H 2 0, and solid-phase carbon were also produced as 
byproducts, but their production was significantly suppressed 
compared with that of common Ni catalysts. The results indi- 
cate that our reaction system cannot be described simply by 
the single stoichiometric reaction of Eq. (2). Several reactions 
must proceed simultaneously or consecutively. In this section, 
we discuss the possible mechanism in terms of catalytic reac- 
tion. 

Selectivity of each reaction product in the reforming process 
of hydrocarbon has been calculated for the case without carbon 
deposition on the catalyst; that is, a complete carbon balance is 
obtained between the feed and effluent gases [24,25] . In our pre- 
vious study, we neglected carbon deposition for the calculation 
of selectivity in the methanol decomposition over cold-rolled 
NiaAl foils [16]. However, a small amount of solid-phase car- 
bon formed in the form of carbon nanoflbers or amorphous 
carbon on the fail surface (Rgs. 5 and 7). Thus, it is reasonable 
to take into account carbon deposition when calculating selec- 
tivity. However, measuring the production rate of carbon as a 
function of reaction time is not easy, and thus we alternatively 
estimated the rate based on the following assumption. 

We propose the following three reactions proceed as side 
reactions in addition to the main reaction (Eq. (2)). ITius, the 
reaction system can be written as a combination of Eqs. (2)- 
(5): 



C02(g) + H 2 (g) <=* CO(g) + H 2 0(g), (4) 

CO(g) +3H 2 (g) *=*CH4(g) + H*0(g). (5) 

Equations (3), (4), and (5) are referred to as Boudouard reac- 
tion, reverse water-gas shift reaction, and methanation, respec- 
tively. 

Assuming the four stoichiometric reactions (Eqs. (2H5)), 
the production rate of carbon can be estimated simply by calcu- 
lating the balance of the reactants and products as 

Rc = Keen -f #H a o - Rau, (6) 

where Roch, Rh 2 o* and Rau the experimentally measured 
production rates of CO2, H*0, and CH4, respectively (Fig. 3). 
The detailed calculation procedure is described in Appendix A. 
Selectivities of Hj (Su 7 ) and the other carbon^containing reac- 
tion product, *, (S x ) can be calculated from the production rates 
of the products according to Cortright et al. [25J as 

&k 2 1 

" * — * 100, (7) 



S x = 



Rco + RcHt + Rcot + Rc RR 
Rx 

x 100, 



(8) 



2CO(g)^C(s) + CQ2(g), 



(3) 



Rco + Rau + Rco 2 + Rc 
where Ru t is the experimentally measured production rate of 
H 2 (Fig. 3) and RR is the H 2 /CO ratio in Eq. (2); the RR value 
for methanol decomposition is 2. 

Using Eqs. (7) and (8), the selectivities to H 2 and CO pro- 
duction were calculated and plotted as a function of reaction 
time in Fig. 8. Both selectivities were low at the beginning 
of the reaction, particularly at the lower reaction temperatures. 
After the initial period, both selectivities increased with time, 
eventually reaching steady-state values of around 90% at all re- 
action temperatures. The increase of the selectivities was rapid 
at 713 K and above. At 793 K, both selectivities decreased 
slightly after 29 h of reaction when the methanol conversion 
reached almost 100%. However, they remained at high, >80%, 
even after 65 h of reaction. Our results confirm that methanol 
decomposition into Hi and CO (Eq. (2)) was the main reaction 
in the whole range of reaction temperatures and time in this 
stuo>. 

The selectivities to the production of minor components, 
C, CH4, and C0 2 , are shown in Kg. 9. The selectivity to C 
production was high at the beginning, particularly at lower tem- 
peratures, and decreased with time (Fig. 9a). At 793 K, selec- 
tivity to C production decreased to almost zero after 29 h of 
reaction when the methanol conversion reached almost 100%. 
This means that Boudouard reaction, as given in Eq. (3), oc- 
curred during the initial period of reaction. Occurrence of the 
Boudouard reaction may lead to the consumption of CO pro- 
duced via the main reaction (Eq. (2)), resulting in a higher ratio 
of H 2 to CO production than the stoichiometric value during 
the initial period of reaction (Fig, 4). In contrast, the selectivity 
to CH4 production increased gradually with increased reaction 
time* as shown in Fig. 9b f indicating that methanation (Eq. (5)) 
proceeded gradually over time. The selectivity to C0 2 produc- 
tion in Fig. 9c showed a similar tendency to that of C production 
at the initial period, that is, rapid decrease with time. However, 
it again increased gradually at a later period. 
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Fig. 8. Sdcctivirics to (a) and (b) CO production in methanol (tecomposid 
over Ni 3 Al foils at €33, 713. and 753 R as a function of reaction lime 



Considering that the selectivity of CO2 was much lower 
than that of C in the initial period, COj is likely produced 
via a Boudouard reaction (Eq. (3)) and consumed via a re- 
verse water-gas shift reaction (Eq. (4)) at the initial period; 
that is, the initial period can be described by a combination of 
Eqs. (2), (3), and (4). On the other hand, because the selectiv- 
ity to CO2 production increased gradually at the later period, 
even after the Boudouard reaction (Eq. (3)) was terminated, 
the water-gas shift reaction (the reverse reaction of Eq, (4)) 
appears to have occurred with the progression of raethanation 
(Eq. (5)) after the initial period. Thus, the reaction system at the 
later period can be described by a combination of Bqs. (2), (4), 
and (5). According to these considerations, the change in H2O 
production rate, as given in Fig. 3c, also can be adequately de- 
scribed. 

Based on these analyses, we suggest that the methanol de- 
composition over cold-rolled Ni$A\ foils proceeded mainly via 
the process described in Eq. (2), accompanying three minor 
side reactions (Eq*. (3)-(5))- Among the side reactions, the 
Boudouard reaction (Eq. (3)) and the reverse water-gas shift re- 
action (Eq. (4)) occurred pieferentiaUy during the initial period, 
and methanation (Eq. (5)) followed thereafter with the water- 
gas shift reaction (the reverse reaction of Eq. (4)). 

4,2. Activation process 

As shown in Figs. 3 and 8, both the activity and the selectiv- 
ity to H2 production increased rapidly during the initial period 
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Pig. 9. Sdcctiviric* to (a) C, (b) CH4. and (c) CO2 production in methanol 
decomposition ova NijAJ foils at 633. 71 3, and 793 K as a function of reaction 



of reaction above 713 K. This rapid increase is favorable in 
terms of practical applications, demonstrating that efficient hy- 
drogen production is possible using flat foils without the need 
for a complex coating process of the catalyst layers. In our pre- 
vious study [16], we pointed out that the high catalytic activity 
can be attributed to the spontaneous formation of fine Ni parti- 
cles dispersed on the carbon nanofibers. 

Fine Ni particles are known to be active catalysts for 
methanol decomposition [20,26-30]. We consider this to hold 
true in the present study, as the increase in the number of Ni par- 
ticles led to increased catalytic activity with increased reaction 
time. We have previously discussed the formation mechanism 
of fine Ni particles during the reaction based on the results of 
XPS analyses [16]; that is, Al in the Ni 3 Al foils is selectively 
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oxidized and hydroxylated to form AI2O3 and Al(OH)3 during 
the initial period of reaction. This oxidation mechanism may 
involve the following reactions: 

2AI(s) + 3H 2 0(g) * Al 2 03(s) + 3H 2 (g) (9) 
and 

2Al(5) + 6H z O(g)^2AI(OH) 3 (s) + 3H 2 ( g ). (JO) 

The selective oxidation and hydroxylaiion of AI can lead to 
the formation of fine Nl particles, possibly because Ni atoms 
remain and aggregate into fine Ni particles. In this study, we 
confirmed by TEM observation that fine Ni particles and Al- 
oxide formed at the beginning of the reaction (Kg, 6). Consid- 
ering that H2 and CO were the major products, the reaction at- 
mosphere must have been highly reducing. However, because a 
small amount of H2O was also produced via the reverse water- 
gas shift reaction (Eq. (4)) and/or methanation (Eq. (5), Fig. 3c), 
the oxygen partial pressure in the reaction atmosphere is con- 
sidered low, in the range where AI2O3 and Al(OH)3 can form 
selectively. The observation thai fine Ni particles were favor- 
ably produced at 713 K and above (Fig. 5) indicates that this 
mechanism works effectively at high temperatures. Several re- 
searchers have reported a similar mechanism for the oxidation 
of Ni 3 Al under low oxygen partial pressures [31-33]. They 
found that pure metallic Ni particles and A1 2 0 3 formed above 
773 K as a result of selective oxidation of Al in Ni 3 Al, which 
is basically consistent with the mechanism described in the 
present study. 

Carbon nanoflbens are effective potential caialyst supports 
because of their high surface area with a large number of 
edges [34J. This characteristic surface is favorable for high cat- 
alytic performance because fine catalyst particles can be highly 
dispersed on the surface. Normally, carbon nanofibers are pro- 
duced by the catalytic decomposition of hydrocarbon gases or 
carbon monoxide over selected metal particles, such as Fe, Co, 
and Ni, in a temperature range 673-1273 K [3536). In partic- 
ular, in the temperature range 773-873 K, carbon uanofibera 
are more favorably produced over other types of carbon de- 
posits, such as amorphous or graphitic carbons. In this study, 
carbon nanofibers formed above 713 K and amorphous carhop 
formed below 713 K (Figs. 5 and 7), which is consistent with 
previous reports [35,36]. The manner of carbon deposition is 
coincident with the formation of fine Ni particles; fine Ni par- 
ticles formed densely above 713 K on the surface of carbon 
nanofibers. 

We consider the formation of fine Ni particles and carbon 
nanofibers a coupled phenomenon, as illustrated in Fig. 10. 
First, fine Nl particles form as a result of selective oxidation 
and hydroxylation of Al, as described above. Then, forma- 
tion of solid-phase carbon proceeds over the Ni particles via 
the Boudouard reaction (Eq. (3)). The deposited carbon possi- 
bly diffuses to grow in the form of a fibrous structure above 
713 K, maintaining Ni particle surfaces that are free of de- 
posited carbon, as previously proposed [3536]. The produced 
carbon nanofibers are considered to suppress the coalescence 
of the Ni particles, acting as a means of support for heteroge- 
neous catalysts [22,23,34]. These mechanisms may contribute 



NI^AI fote btfbrs catalytic reaegpn 




Formation ofNtparticfea via 
hydrmytattontifAt 



Nl particles 




FomtafjonofCNFsvia 





CNF$ 



Fig. 10- Schematic diagram for Spontaneous activation process of Ni 3 Al foils 
during ihc reaction at 713-793 K. 



to maintaining the catalytic activity and selectivity of the Ni 
particles during the reaction. 

5, Conclusion 

Catalytic properties of intermetalUc compound NijAl foils 
for methanol decomposition were evaluated at various reaction 
temperatures ranging from 513 to 793 K. Our main results can 
be summarized ax follows: 

(1) N13AI foils demonstrated high catalytic activity for methan- 
ol decomposition into H 2 and CO in a temperature range 
713-793 K but low catalytic activity below 7 1 3 K. 

(2) Both the catalytic activity and selectivity to H2 and CO 
production increased with increasing time during the initial 
period of reaction and became stable during the subsequent 
reaction. 

(3) The main reaction, methanol decomposition into and 
CO (Eq. (2)), accornpanied three minor side reactions: the 
Boudouard reaction (Eq. (3)), the reverse water-gas shift 
reaction (Eq. (4)) t and methanation (Eq. (5)). Among the 
side reactions, the process described in Eqs. (3) and (4) oc- 
curred preferentially during the initial period, and that of 
Eq. (5) followed thereafter, accompanying the reverse re- 
action of Eq. (4). 

(4) Fine Nl particles dispersed on carbon nanofibers formed 
spontaneously on the foil surface at 713 K and above dur- 
ing the reaction. The rapid increase in the catalytic activity 
with increased time at 713-793 K is attributed to the spon- 
taneous formation of this nanostmcture. 



DM Chun etoL /Journal <tf Catalysis 243 (2006) 99-107 



107 



Acknowledgments 

This work was supported in part by the Korea Science and 
Engineering Foundation (KOSEF-ROl-2003-000-10433-0)^ the 
Korea Research Foundation Grant funded by the Korean gov- 
ernment (MOBHD) (KRF-2005-213-D00038), and the Dcetani 
Science and Technology Foundation, Japan 

Appendix A 

We estimated the production rate of solid-phase carbon by 
calculating the balance of the reactants and products appealing 
in three reactions (Eqs. (3H5)). The detailed procedures are as 
follows: 

First, we assume that 

/?COz(Eq. (3)) = flc<Eq. (3)) = A C(wia1) , (A. I) 

where /?cch(Eq. O)) ^d Rc(Eq. □)) are the production rates of 
CO2 and C via Eq. (3), respectively, and Kc(totai) is the total 
production rate of C (estimated value). In the same way, we 
assume that 

*C02<Eq. (4)) ~ *H 2 0(Eq. (4)) = *H 2 Q(u>ttl) - #HiO(Eq. (5)) , (A.2) 

where /2coa(Eq.(4» and /?H 2 0(Eq. (4)) are the consuming rate of 
CO2 and the production rate of H2O via Eq. (4), respectively, 
^H 2 o(totai) is the total production rate of H 2 0 (measured value), 
and /?H 2 o(Eq. (S)) is the production rare of H 2 0 via Eq. (5). Also, 
we assume that 

*CH 4 <Eq. (5)) = *H 2 0(Eq. (5)) = RaU(w^ (A.3) 

where /2cH|(Eq. (5)) is the production rate of CH4 via Eq. (5) and 
R&u douj) is the total production rate of CH4 (measured value). 
Furthermore, we assume that 

/feOi(totEl) P= ^COzteq. O)) - R&hiEq. (4)) (A4) 

from Eqs. (3) and (4), where RcOi(wuS) is the total production 
rate of CO2 (measured value). Finally, we can derive the total 
production rate of C as a function of the total production rates 
of CO2, H 2 0, and CH4 from Eqs. (A.1HA.4) as 

*C(tota1) = ^CO^iotil) + £H 2 Q(tatal) ~ ^CHi(to«U)' (A.5) 
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